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Sectjom J. 

I^'Jroiludto)!, -Tlic present Keport 1o the Alloys Jies^arcli 
Coiimiittee dilTers in^iiany ways from all its predecessors. In the 
first j)lac^*, a ])criod of approximately eiglA years has ela])scd since 
til 3 publication of the last Keport. This long delay has not been 
due to any cessation or suspension of tln^ work, but has arisen 
mainly from the fact that under war conditions jmblication on 
sucJ) a subject was not permissible. Further, at the (uitbreak of 
war, the research on tlie ternary alloys of aluminium with zinc 
and copper had reached an advanced stage, T1 h‘ ])erlod of delay 
due to war and i)ost-war conditions has thus been superposed 
upon what would otherwise have be<*n an approximately normal 
interval between suceessive Keports. 

Tiie hmgth of time thus covered entails tlnj consequence that a 
very large amount of material lias to be treated in the jircsent 
llejiort, and tliis material is very much augmented by the fact that, 
as a result of the importance attaching tfl aluminium alloys und(‘r 
war C(.nditions, the research has, during the past five yi^ars, been 
pursued with increased intensity and- as is indicated below— with 
much larger resources. The mass of material with which the Authors 
have had to deal is thus very formidable indeed, and any attempt 
to give an account of it in the fully detailed manm*r adopted in 
earlier Feporls would have been impossible, OAving to the ])rohibitive 
bulk of such a Paper. As it is, the Authors have used th(nr utmost 
endeavour to present the mai!i results of their work in a concise 
manner, omitting details of experimental methods and even purely 
numerical data wherever jiossible, relying mainly upon graphs and 
diagrams for the presentation of their results. Great care has betfn 
given to the j)reparation of these graphs, and the Authors believe 
that nujaerical values of full accuracy can be read from the Figures. 
A further very necessary abridgment of the present Report has 
also been made by giving only in the briefest iv^tline the results of 
the more theoretical portions of the researches on the struefure and 
^ constitution Of the alloys, leavijig more detailed ^lyblioilictfi of this 
DUreW scientific wmrk to be made elsewbifre bv tho.se of the AnffinrH 
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and tlicir corfe.a^uos and assistants directly oorK?crnetJ witTi tliat , 
section of tlie woi^. j Jt is liopetl, however, that Section^/, dealing 
with* this branch of the worh, is sufficiently full to indicate tin* more 
irmnediate jiractical hearing of the most j^ ientific part of the 
research. * 


The very e.Kceptional conditions in whicli the researclies desd'ih'cd 
in tlie ])resent Tie])ort. have been conducted have affected them in 
several iin])()rtant ways. After tlic jniblieation of the Tenth 
Keport to tlie Alloys Research Committee in 1912 attention was 
conc<'ntrat(‘d on the systematic study and exploration of the 
ternary alloys of aluminium Avith zinc, and cojiper. This portion 
Avas ajiproacliing comjdetioji when tlie outbreak of war gave a new 
direction and a new impetus to the AA'ork. The steady, systematic 
exjdoration of a single group or system of alloys, intended ultimately 
to furnish the foumlation for a future industry, Avas no longer 
adeijua-te. The jiractical application of aluminium alloys, Avhich 
liad formerly been very limited, sjirang at a bound into national 
importance, and results' capable of immediate })ractical ajiplica- 
tion were urgently nee( Ai. Fortunately, the material already 
accumulated in the earlier stages of the research ])rovcd in part 
directly useful and, as a AV'hole, served as a basis for the wide- 
swi'cping exploration of a large range of alloys which Avas then 
begun. As a consccpiencc of this development the present Report 
d(*als Avith a Avide range of alloys instead of with an exhaustive 
research oji any ])articuiar group, with the exception of the copper- 
zinc-aluminium alloys which had bec^h studied prior to lOM. Much 
of the data contained in the present Report must therefore be 
r(‘garded as of a more or less exj)loratory nature, although it A\dll 
be s('cn that in regard to certain alloys of special importance or 
promise, very detailed investigations have been made. 

Another conseepumee of war conditions and of the increased 
r(!Cognition of the importance* of aluminium alloys has been that the 
\uthor8 were enabled to ])ursue their work on this subject with tlie 
atd (h v«ry much greater n*sources'than )iad formerly been the case. 
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contr^ns tJH‘ results ol an organized resoaroJi carHed #ut, pi'actically, 
by the of tlie Mctallwrgy Department of tlie National 

riiyf^eaf Laboratory, a-sWtetJ^ in regard to many special matters, 
by their colleague}^ in other Departments of the Laboratory, 
iiioludinj^ ]>articnlarly Engineering (i^eehanical t(‘sts, etc ), 
Metrology ( measure imuits), and Heat (thermal eonduetivities). The 
fact that the research has been carried out by the united and 
co-ordinated efforts of so large ji number of workers (more tlian 
thirty individuals have contributed in varying degrees) adds very 
much to the difficulty of the present Authors in jiresejiting the 
Deport, particularly from the point of view of authorshij). Jn 
doing it in their own names, therefore, they wisii to rc'cord the fact 
that they do so mainly in their capacity as senior nieml rs of the 
Staff who carried out the work. In individual ackiiowh'flgmcnt they 
wioh to jnention particularly the following names : - 

Mr. S. A. L. Wells for liis important help in the work of the 
foundry and rolling-mill and in assisting to translate the work 
of the Laboratory to full iudustj^fal scale at the Cardington 
Works (now the lioyal Airship Works). 

Mess'^s. r. B. Marryatt, B.Bc., F. Tritton, and J.D. Lrogan, B.A., 
for their skilled assistance in various portions of the research. 

Miss M. L. V. Gayler, M.Sc., and Miss P. M. Kouth, B.Sc., for 
their important contributions to Section V., on the 
constitution of the alloys and their hartlening. 

Dr. J. L. Uaughton and Miss K. Bingham, M.Sc., for contributions 
in r« gard to the constitution and slruct\ire of alloys of 
aluminium containing copper and nickel. 

Mr. W. 11. Withcy,B.A., and Mr. P. (L Ward, B.Sc., for the 
vory*large amount of difficult work on tlic chemical analysis 
of more than 2,0(X) samples of metals and alloys ; and 

Mff. G. G1 ayshcr, for his great skill and ])atience in the constant 
maintenance, and in the construction, of numerous mechanical 
appliances used throughout the work.* 

Beyond - the Metallurgy Department of the LaJ)oratory, tht 
A\jthors’ thanks and acknowledgments are dife^particufarly t© Dr, 
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T. E. StiVntoiy C^jB.E., F.R.S., Superintendent of, the Engiiyicring 
Department, and to several members of liis staff, pyticularly 
Mr. R. G. Batson and* Mr. G. A. Hankins, and also to Df. E*. Gijiffiih, 
of the Heat Division of tbe Physics Departmcpt. The Authors also 
desire to record tlieir very spc^cial indebtedness to the fonnel Director 
of the National Physical Laboratory, Sir Richard T. Glazebjpek, 
K.C.B., F.R.S., whose warm personal interest in the work provided 
helpful encouragement in circumstances which were frequently 
difficult, and whose gr(‘nt power of enlisting the necessary support 
outside the Laboratory was largely instrumental in securing the 
special resources which rendered much of the work possible. 

Beyond the limits of the National Pliysical Laboratory, the 
Authors also w'ish lo acknowledge very warndy a large amount of 
help wdiicli, particularly during the war, was most readily and whole- 
heartedly giv(*n. Sir Gerard Muntz, Bart., and Mr. W. Murray 
Morrison, and various members of the staff of the British Aluminium 
Company, more especially Dr. A. G. (\ Gwycr and Mr. Stewart, 
of Warrington, w'cre most- particularly helpful, especially in 
connexion w'ith the work o\i extrusion described in Section 111 {<!). 
Thanks and acknowledgmerit are also due to Mr. E. 11. Mitchell, 
then Managing Director of the Cardington Airshi]) Works of Messrs. 
Short Bros., under whose direction the production of the alloys 
developed in the Laboratory by the Authors w'as first undertaken on 
a full works scale ; this wmrk has been and is being continued at the 
same 'works, now the Royal Airsliij) AVorks (R.A.W.), under the 
direction of the Superintendent, A'ir. C. 1. Camjd)ell, and Ids 
assistant, Mr. S. Payne, to whose courtesy and co-operation the 
Authors are also Jinich indebted. In connexion with the earlier work 
on castings, and particularly in regard to tlic, experiments described 
in Section IV (b), tlie Autliors are ])articularly indebted to Mr. 
William Mills of Birmingham. 

^ t 

In this connexion, reference must also ]»o made to tlie fact tliat 
the study of aluminium alloys for war jmrposes was ])y no means 
cojjfiAed ^0 the present Authors and vlieir colleagues at tlie National 
Physical Latpratory, but w^as at the same time vigorously carried 
on ill a number ot faboraiories and works throughout the country. 
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The Authors were fortunate in being kept in the /closest toueii witii 
the wliol^ of this work through ^hc activi'eiejs o| the Light Ailoys 
Sub-Goramiitec of the Advisory Coinriiittec for Aeronautics. Tlicy 
were thus enabled to exchange ideas, data, and specimens with 
other workers, ineluding particularly Rofessor F. C. Lea, of 
Lici^inghan], and Professor C. A. Edwards, at that time associated 
with fhe Royal Aircraft Establishment at Farnborough, and later 
with Mr. F. W. Dyson of that establishment. 

To the Light Alloys Sub-(^ommittee, under the cliairmaiiship of 
Sir Henry Fowler, K.B.E., and later of Professor (then Commander) 
C. F. Jenkin, C.B.E., also, the Authors’ results, particularly those 
relating to castings, were communicated from time to time as they 
were obtained, and thus rendered immediately available for 
national purposes. At the same time, the Authors’ conclusions 
weie thus submitted to the most searching of practical tests. The 
data communicated to and in part imblishcd, or in course of 
j)ublication, by this Committ(‘c have necessarily been largely drawn 
upon in the preparation of the present llejiArt. A very large amount 
of additional work has, how^ever, been incorporated in it. 

In addition to the larger staff and wider range of outside 
co-operation which became available as a result of war conditions, 
the Authors were also enabled to carry on their work on a larg(‘r 
and more satisfactory scale by additional resources in jdant and 
equipment placed at their disposal. This was i>|rtly the result of 
the support given to their work by the Advisory Committee for 
Aeronautics (under the Presid(^ncy of the late Lord Rayleigh) and 
partly by additional funds made available through the efforts of 
the Alloys Research Committee ot the Institution of Mechanical 
Engineers, w^ho not only themselves provided a larger grant, but alsb 
secured increased financial support from the Department of Scientific 
and Industrial Research. The latter contribution resulted in the 
provision of a much larger and better-equipped experimental 
foundry, part of which is illustrated, in connexk)n with Sectioj II 
Df this R(‘port, in Fig. 45, Plate Perhaps the most iinportfllnt aiiT 
bo the ^progress of the present research, howew<i is lions,tituted 
by th» experimental rolling-mill, which 'is briefly described and 
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Ilustrated in-^c«.tion TII (pag« GO) and Fig. J7, Plate 6.# This 
^xporiniontal rnill^wijs Installed y?r/or to the war. In regard to its 
iesign and general arrangement the Authors are indebted Iro the 
makers of the plant, Messrs. Kobertson, of (Bedford, and also for 
much advice and assislfttiiee of the most valuable kind to Mr. F. 
Tomlinson, of the Broughton Cop])er Company, Manchester./ • 

A further word of explanation is perhaps required in view of 
die fart that publication of the present Beport has been delayed 
[or two years after the cessation of hostilities. Apart from the 
ncvitafile delays associated with the difliculties of jiost-war 
conditions, this has arisen from the circumstances in whi»‘h much 
(*f the work liad been done. Under the pressure of war, efforts 
had been direct ed to the immediate attainment of practical results, 
and on reviewing the work done it became evident that from the 
point of view of a satisfactory study of some of the problems, large 
gaps remained to be filled. The range of the work has been so wide 
that it has not proved jiossible, in any reasonable time, to fill, 
or even approximately Till, many of these gaps, but an effort 
has boon made to secure such data as would lend to the work the 
greatest amount of value, both from a practical and a scientific 
point of view, wliich could be attained in the circumstances. 
This work has continued up to the moment of writing, as many 
omissions could only be realized when the data were marshalled 
for publication. ,Thc Authors arc, therefore, well aware that there 
arc minierous points in the Beport where additional data arc 
obviously desirable, but they hav^ not thought that these gaps 
wore of sufficient importance to jmstify further delay in publication. 

With regard to the general results embodied in the Beport, it 
fs almost impossible to offer any brief summary that could be more 
than a catalogue of facts and figures, and all that can be attempted 
here is to draw attention to a few of the more striking rq^ults. In 
regard to casting alloys, the systematic study of the ternary alloys 
of ^copper, zinc aid aluminium has led to the recognition of the 
valuaMe properties of these for casting purposes where the castings 
are not exposed to high temperatures. On the othef hand, however, 
the most importajit rcsfllt established in the Report in regard to 
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pastilfgR is 4 >r<>bably that relating to tho great sfcronVtb obtainable 
by rncaii|»onioat-treatnv'nt in castings of tliciillo^/ “ Y ’* (containing 
4 pel* cent copper, 2 })er cent nickel and Ji per cent magnesium). 
Tensile strengths as*liigh as 21 ton^ ])er square Inch have been 
recorded ])y the Authors, and equally ^ligh values have been 
rc?5cA‘(^ed by the K.A.W. For use at higli temperatures 
also, sucli as those occurring in aeroplane engine f)istons, 
castings of tliis alloy show a very marked su[)eriority over 
thoseof any other aluminium alloy yet available, and lor this purpose 
also the alloy is materially improved by iieat tn'atment. In regard 
to wrought alloys, the Jteport shows remarka])!(‘ results obtainable 
in the first jdace by a simple ternary co])]aT-zine-aluminium 
alloy, cabl'd alloy “A” or in recognition of its content 

of ‘3 per cent of cop])erand 20 percent of zinc. This alloy, which is 
(‘h('a]> and comparatively easily produci'd, attains a tensile strength 
of 27 tons j)er square inch with an elongation of 18 per cent on 
2 inches. More striking are the results shown by alloys containing 
mangane,^e and magnesium in addition copper and zinc. Here 
(alloy “ E ") t ensile strengths exceedinjj 40 tons per sijuare inch are 
rc(',ord('d, witli elongations of about 12 per cent on 2 inches. On 
the other liand, alloy “Y,’’ in the rolled or heat treated condition, 
attains strengths of 20 tons ])er square inch with elongations of 
20 per cent on 2 inches, thus giving results approximately equal 
to those obtained with alloy “ A ” and “ DuraliMuin,'’ but wiUi the 
important advantage that it a])})cars to offer greater resistance to 
corrosion t han other aluminium alloys, while its power of retaining 
its strength when heated gives it a])prcciablc advantage, particularly 
in regard to fatigue at slightly elevated temperatures. 

One of the most important results achieved by the pre.sent 
research has been the successful working, by forging, extrusion, 
rolling,* spinning, stamping, etc., of these alloys, not only on 
account of their remarkable properties but because they represent 
important types which were formerly regarded as unwor^ble. 
Some examples of the forms in which these materials lu^e been 
Buccei^fully produced are illustrated in Figs. 1 and#2, Plat» 1. ^ 

Ifi addition to their strength properties, J^he alloys have also 
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boon st lulled ‘jro]>v the pujliu VJOV U1 rtllU J^'lJUlia'xlcjLlvv;. ^ 

Tlic eoiistane.y oi dimensions of a largo series of eo»]^)per-zinc- 
aluminium east ings lias, been demonstrated over a jieriod oFmorc 
iliaii sevim years, but on tjie other hand it^'lias been discovered 
that these alloys, both id the cast and in the wrought state, undergo 
a gradual ageing process which is shown to continue for se^/^ral 
years at li‘ast. This process temds to nmder the alloys slightly stronger 
and liarder, but no sign of deterioration or embrittling has been 
noted. In the case of “ Duralumin also, a slight further hardening 
lias b(H‘U observed in material kejit in store for nearly ten years. 
The nature of the changes which occur in alloys containing 
magnesium when they undergo hardening by ageing after quenching 
from a high temperature has been studied and, it is believed, 
elucidated. The r(‘sults throw a considerable amount of new light 
on the ])rocess(‘s involved in hardening and tempering generally, 
and also serve, to a considiTabh*, (‘xtent, to exjdain the general 
iialure of tin* ju'oeesses involved in the gradual “ ageing ” of some 
of the alloys. \ 

For convomcjiec of reference and arrangement, tlic present 
lloport has been subdivided into five main B(‘ctions and various 
mb'Seetions as follows : — 

Section lilt rod uetioii. 

S^cction II. ('a.st Alloys; - 

(a) Alloys for use at ordinflry temporal urcs. 

(h) Alloys for u.sc at high temperatures. 

(c) Heat-treatment of eastings. 

% 

Section III . — Wrought Alloys 

(o) Ternary Alloys of Aluminium with Zinc and.Coppcri 

(h) J)evelo])meiit of Alloy A ” (“ 3/20 ”). 

^ (c) Develofiment of Alloys “ K,” “ 7<\” “ D,” and “ Y.” 

(d) Extrusion of Aluminium Alloys. 

• (c) ‘8umn?ary and (’omparison of the Troperflies of Wrought 
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j Se&tion /.F. — Fermanence of the Alloys : — 

{b) Stability of Dimensions. 

(f) Fracture under Prolonge! Loading (“Season 
Cracking "). 

{d) Corrosion. 

Section V. — Constitufioii of the Alloys : 

(rt) The Copper-Zinc-Alununhiin System. 

{h) The SiUcon-lron-AhiinininTn Sytseni. 

(c) The Magn(‘sium-Silicon-AlnmiFUiim System. 

(d) The Hardening of Alloys containing Magnesium and 

’Silicon. 


Section II. 

Cast Alloy^. 

The pre.sent .section deals with aluniininin alloys from the point 
of view of their use and properties as cai^tings. In many cases the 
same alloys arc dealt with in regard to constitution in Sciction V 
(page 196) and in regard to their behaviour on forging and rolling 
etc., in Section III (page 41). Tlie ageing and stability properties 
of the same alloys are dealt with in Section IV (page 155). 

11(a). AUn//s for Use ai Atmospheric, Temperature. 

In continuation of the researches begun in connexion with the 
Tenth Report to the Alloys Research Committee, the earlier stages 
of the present research were directed to the fuller exploration df 
the properties of the alloys of copper, zinc and aluminium. A 
^considerable number both of exploratory heats and of larger meltings 
were made and the resulting castings, both sand and chill, tested 
in the usual manner. The results of thc.se tests are indicated in 
the diagram Fig. 3, in which the compositions of the variouif alloys* 
are plotted oif the base of a portion of the ^gual e*quilateral 
triangie, and the data for ultimate stress iftserte^ as numbers at the 



Fig. 3. — Sa>id Casliugs. 
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.correspoiidii'Rpoi.Usof thcdiagram. Fig. 3 relates to Sand castings, 
and Fig.^ ^to eliill eastings. In r(>gard to Jir, sand eastings, it 
wdl he .seen that I, ensile .strength as high as 1!) tons j.er .square inch 
lias been obtained, hut this is lound iy alloys eontaining about 28 
per cent of zme, and these arc eomjiarifiivoly heavy. (Iroater 
interest and importance, therefore, jirohably attaelies to alloys 
containing in the neighbourhood of 1.0 per cent of zinc, and in 


Fig. 5. —Tensile Tests. 



these tensile strengths of the order of 14 tons per square inch are 
recorded. Tliese data, l,ou(‘ver, should be read in connexion with 
what is said in Seetion ]V («) (page 155), eoneerning the ageing 
properties of tlies(‘ alloys. 

Ihe^ariH* results can be sliov n in i different way by plotting 
ultimate stress data against zinc content for a series of alloys having 
a constant copper content. ■ This has been dotfe in regard to #and 
and chill eastings in Fig. 5. It will be seen that in each swics the 
tensil# strength rises steadily with increasing zinP eontent, Imt tljat 
the aflditjo)! of copper mutes very little JiffereBcc as between 2 per 



ALLOYS RESEiWfl. 


IT) 

cent and 3 ]Wr cont of copper, where the two graphs are almost 
exactly super j)ori d. r ^ • 

Tlie data (.oiieernin" the tensile strength of ternary alloys 
with eo[)per, zine and aluni’niiim as indicated in Figs. ^ 4 and 5, 
which ]iav(‘ just been lliscussed, suggest at first that the higher 
zinc content, with (torr(‘sponding considerably higher t^nMle 
strength, giv(*s tlie advantage to the alloys containing from 20 to 
25 per cent of zinc. For practical purposes, however, there appear 
to be certain objections to these alloys, arising mainly from the fact 
that they are v(;ry weak and ttmder when hot and arc therefore 
liabhi to accid(‘ntal injury in the foundry. While dilliculties of this 
kind could no doubt be overcome by more careful manipulation, 
it appears doubtful whether the use of these stronger and at the 
same time considerably heavier alloys is desirabh‘. For many 
purposes, the thickness of a easting cannot be reduced below a 
certain value, and even if the metal does not possess the relatively 
high tensil(‘ strength of these denser alloys, the minimum thickness 
which can be used yet* < leaves it strong enough for juactical 
re(|uiremonts. If this is the cas(‘, then the lower density of the 
alloys containing rather smaller proportions of zinc is a decided 
advantage. For this reason the. alloys which have been s(‘le(ded 
for most general use for castings not exposed to liigh temperatures 
are those containing rather less than 15 per cent of zinc. Typical 
of these, is the ailoy now widely known as “ L5 ” on account of 
the number of ( he official specification in whic h it has been described. 
This alloy c.ontains from 12 J to 141 per cent of zinc, and from 
2 \ to 3 per cent of copper. A freshly cast chill test-bar is required 
to show a tensile strength of not less than 1 1 tons per square inch 
and an elongation of 1 per cent on 2 inches. In view of th^ data 
given above, it will be seen that these recpiiieme.nts are extremely 
moderate and can readily be exceeded. Tlie actual strength of 
C'^^tings made of this material after a few months’ ageing will, 
hoyj^ever, be very Considerably greater than that indic'ated by the 
results of tests made on freshly prepared test-pieces. This particular 
casting ^lloy hapsdbecn used on a very large scale, and has, on the 
whole proved veryt satisfactory, llcsults recently obtained* with 
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?^at-tr(jiat(‘(l castiivgs of an ontiroly (lifT(*r(‘iit coinpnsiti.on, bovvcvfT, 
Bii"gest that^^for many purposos oast ings of tlio coppoj'-zinc-aluniiniiini 
type arc likc'ly to hr suj)(Tso(I(‘d by those of alloj's capable of 
iiiiprovcniciit by licat-ireatmcnt. 

ikusUif. 

The dcnsiiy at atmospheric temperature of the alloys studied, 
in both the eas( and wroughi <*onditions, has been determined by 
the Metrology i)e])artnicnt of the Jjaboratory. ilesults for the 
wrought alloys are giv<‘ri in Sections Jil (a and c) (pages 45 
and 142). The results for the cast alloys of the ternary copper- 
zinc-aluiiiiniiini series containing 1, 2 and 3 per cent copper, 
and for the alloy containing copper 4, and zinc 5 j)cr cent 
respcetivi'ly, arc shown in the graphs of Fig. G. So litthj 
differ(‘.Tj[ce has been found between sand and chili cast sj)eeimens 
that in the case of tin; bitter condition the graph of the 3 per 
cent co])por s(Ties only is included for comparison. 

® « 

M icroslriidiire of the Alloys. 

The mierostructures of the alloys of the ternary group, co])per- 
zinc-aluminium, both in the sand and chill cast condition, have 
been systematically examiin'd. Of the large number of 
microstrm tures which have been recorded, it is only necessary 
to reproduce h(‘re ty])ical examples, relating to the sand and chill 
cast material of alloys containing respectively 1 per cent of copper 
with 5 per c(‘nt .nd 20 per cent of zinc, and of those containing 
3 per cent of t o])per with the same proportions of zinc. These 
arc shown in Figs. 7 1o 10 Plate 2, all under a magnification 
of 150 diameters. Figs. 7 and 8 arc typical of the cast alloy® 
containing 3 per cent copper in the sand and chill cast 
state resj)ectively, and Figs. 9 and 10 of those containing 1 per 
'cent copper. In ^hese figures it will be seen that the presence 
of the aluminium-copper compound CuAlg mj^kes itself evident. 
In addition there are the usual si^ns of coring in the solid soiutfon 
of zincinalumiF.ium,so many typical examples of^hich lfa\e been 
illustrjled in the Tenth Report to the Alloy's l^csearcli Committee. 
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(V>inpa.ri.s())K(5f jHioto-iuicroj^rapIis, rcprr.sentativc of alloys of 
this typo ill th«‘ oa.st "conditioii, witli those scon in Ki^^s. 41 to H 
(lMat<‘. 4), rolatinj]; to alloys of the sumo ty })0 in the rolled 
condition, is iiistructivo us showing the infUumoo which repeated 


FiO. G. -Dnisitij, 

Gi amiiies per cubic centimetre. 



Zinc. 


heating and mechanical working exerts upon the microstructurc 
of these materials. 

c V ^ 

a ^1(6). Cast Alloys for Use at High Temjberalures. 

The advantage's to be gained from the use of aluminiuiii alloys 
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as j)istons in aeroplane and other higli duty intenuil woinbustion 
engines liaviy^r })pen demonstrated m practical i,rial as well as 
iiulieate.L by theoretical consideration, the ])robleni of findine; the 
most suitable casting alloy for this purpose becanui of very 

• * « 

Fig. 11.- T(‘)i.siU’ Tests til High Tfmperatiiies [Chill Castings). 

No. UG— Alloy “ Y ” (Cu 4% Ni 2%, Mg 1*5/ ). 

14/1 Alloy contaiiiiug'Cu'li^J, Mn r . 



considerable importance. In thi‘. course of th(‘. ]U’esent research 
thie Authors have d^ ^ oted a very large amount of attention to this 
subject. ^ 

Reference has already been malic to the fact that alloyi# olf 
aluminium ( onlakiiiig considerable ])roportiona of ^ziuc, ete^i 
the presume of a few per cent of copper, an^«very weak when hot. 


^Elongation per cent on 2 inches. 
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Siiu*<' th(‘ beJjHv^our of liglit alloys at high tomporaturcs has^ become 
a jiialtfT of co^isiderable imj^rtance in cofinexion with their use 
in a(Tonautical engines, mainly as pistons, their strength r*.t high 
temjX'ratures has received a eonsiderablo* amount of attention 
in tin* course of lh(‘ ])resent researcli, Ifesnlts of tests at high 
tejijpc'ratures on I lie zinc-aluininiiirn binary alloys have rlr^.ady 
been described in the Terith Kej)oi t t-othe Alloys Research Committee. 
These show that the tensile strength of such alloys falls off rajhdly. 

Further tests at high temperatures have shown that the ternary 
alloys of copper, zinc and aluminium behave in a very similar 
manner. The results of one scries of tests of this kind, relating to 
the alloy “ L5,” arc included in the graphs of Fig. 11 which represent 
the behaviour of a number of typical alloys at high temperatures. 
There it will be seen that, starting with a tensile strength of about 
13*5 tons per square inch, this falls off at 250"" C. to little more 
than 4 tons jxt square inch, and at 350® C. drops to about 1*5 tons 
})er square inch. This very rapid fall in strength with rising 
temperature has hal ta the abandonment of these alloys for uses 
where high temperatures arc involved, although at the temperature 
200® 0., whi(di appears to be of the greatest importanct^ in connexion 
with aeroplane engin(‘ pistons, the alloy “L5” has approximately 
the same strength as tin; alloy containing 12 per (;ont of copper 
{remainder aluminium), which has been very extensively used for 
that very purpose. 

Some guidance as to the behaviour of other alloys at high 
temperatures had already bccji obtained at the time when 
this problem arose, from cxporien(!c of the behaviour of various 
alloys in tlie extrusion press (.see S(*ction 111 (d) below). It has 
t been found, for instance, that alloys of aluminium add copper 
containing more than about 1 per cent of copper prove very stiff and 
intractable for extrusion, even at high temperatures, ^nd it was 
thought, therefore, that these alloys might be found to preserve their 
strength at liigl^ temperatures better than others. A sample of 
shell an alloy, of which an ac^o engine })iston had actually been 
mad(j, had also^betm submiited to the Authors for^t-est by what was 
'then the Technical Section of the Royal Naval Air Service. An 
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extensive series of tensile tests at liip^li temperatures was therefore 
’undertaken and the prop(‘Tties of a large nunib-^r of alloys at higli 
ternp^ratlirek were explored. The results obtained with the more 
important of these rrc indicated in the graphs of Figs. 12 to 
The onIy*data available from such fest.s.^as carried out by the 


Fig. 12.— Chill CaUincia. 
oy, 8%, 12^^ Liud 14'y, Coppei . 



50’ 100 150' 200^ 250 300 350 C. 

Temperature. 

Authors, were tlie ultimate* stress and elongation. No attempt to 
'' measure a yield -’mint was made, although subsequently Professor 
Lea succeeded in determining the elastic limit of these materials at 
high temperatures by means of ii special extensometer whi^h 4rasi 
however, unsuited for use in the type of testing- machine available 
to tlje Authors. The data represented by Fig. 12 relate *10 



22 . , A^LOyS 

alloys ol with aluminium containing G, 8, 12, and 14 jmr cent 

of coppor Tes|)ectivcj.y." It will be seen that in the neighbourhood 
of 200" to 250" i\ all the alloys of aluminium with co]'iperi have 
practically the same tensile strength, bu:*^ that at somewhat 
higher t(‘m[)eratures, n,o to 550° T. tin*, alloys containing 12 per 
cent and 14 |)er (U‘nt of co])j)er are somewhat better than^tl^osc 
containing lower ])ro])ortions. The, alloy containing l2 per 
cent of copper, g(‘.nerally known by its Air Board Specification 
Number “ L8,” has been so extensively used, ^hat it has been 
adopted as the standard for comparison throughout tin* remaining 
ligures relating to high t('mperatur(* tensile, tests of cast aluminium 
alloys in the pres<*.nt Beport. 

The first effort to improve upon the simph*. aluminium-copper 
alloys for use at high temperatures, was made by the addition to 
them of a. small amount of manganese. The influence of manganese 
in stiffening materials at high temperature had previously come 
under the Authors’ notice, and the results in the present instance 
justified their anticipatipn. The influence of manganese on these 
alloys is ch'.arly shown in the graph, Fig. 13, where results of 
high temperature tensile tests on alloys containing 4 per c.ent and 
14 per cent of copper plus 1 ])er cent of manganes(; in both the sand 
and chill cast condition are shown compared with the properties of 
the 12 per cent copper alloy chill cast. It wdll be seen that in every 
<*.ase the alloys containing 1 per cent of manganese show an actual 
incTbase in tensile strength up to tem})eratures of 250° C. After 
that temperature has been passed, +4ieir strength falls off at much 
the same rate as that of the pure copper alloys, but owing to the 
initial rise, their strength at 350° C. is still very much better than 
tliat of the pure copper alloys. 

This effect of jnanganesc appeared to be so striking that it was 

investigated more closely, with a view to ascertaining whether the 

addition of greater or smaller amounts of manganese might produce 

better result than that already obtained by the addition of 1 per 

cen'i. ^Bather curiously, it was found that the addition of 1 per cent 

gave bj^ £ar the best results. This is shown in JFig. 14, where 

it‘js seen that in a graph r^ipresenting the variation of tensile sirength 
c ^ 
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afc various tompeiatures with different amounts of manganese, tliero 
is a distinctly marked mjLxirnum about 1 per jen^ of manganes(‘. 

8o far as timsilc' tests at high tempcratur(*s are eom erned, it 

Fia. 13. • ^ 

1 = Copper 14 , IHanganese 1 ’ , Chill Castings. 

„ „ ,, ,, Sand „ 


„ H „ „ Cl.ill 

4 = „ „ ,, „ Sand 



Temperature. 


might hav(5 been thouglit at this stage that tlie i)roblem of finding 
a light alloy suitable for use at high temperatures, and particujgrly 
in aeroplane engine pistons, had been satisfactorily solved? Other 


properties besides tensile strength at high temp.»iatures, howei^er, 
influfnee the choice of an alloy for this* j)urp«se. In the case of 
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fchii alloy oo?itaiivn<ij II jx^r font^roppor, I por ccfit mi'^a^yanfsc*, for 
insianco, it was tlial it (‘ould not at first bo so roadiLy })roduce(l 
in tlio aluniiniuni lonnrlri(‘s as of her allovs. W^liilo tlioro can’bc jio 
doubt that difliculf ios of tjiis kin<l could ldiv«* IxHui snccossfully 
suriiiouut(‘d, and in fact- in one or two cases tlx'y wore successfully 
overcome, y(‘t under war conditions it appeared undesiraVk'i* to 
introduce for extensive ])ractical |mrj)oses a material wliich, at the 


Fjo. 14. — Sa)u1 CaU Jiars. 14' Copper, 
Fffeci of varying Manganese content. 



outset, at any rate, might present difficulties of manufacture. It. 
\fas further thought for a time that this alloy might be inferior to 
others in regard to thermal conductivity, and for .these combined 
reasons th<^ search for other and, if possible, superior alloys suitable 
for use in jiistons and for other purposes at high temperatures, 
v.'^aj^ continued. A considerable number of miscellaneous alloys 
were Explored. These included alloys with iron, molybdenum, 
ti^ngste^i, chromium, vanadium, and others. The properties at high 
temperatures of same of these are illustrated in the grajihs of 
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15. it will bft s(‘on at onrr, on roforcnco to this Fig. that 
none* of tIjo^s(*. offer iiny,ii(]vaiitag(‘ whatever aj'* eom])ared with 

the a,iloy of eo|)|)er, manganese, and aluniiniuin, di'serihed ahovc^ 

• 

• Fkj. 15. ■ Chill C^Htnga. 

1 — Copper 12" , Manganese 1’;, ClTromium V'^^. 

^ 2 = „ 3 , , , Cobalt H":;. 

3 - „ 14' , Vanadium O-?"*,'. 

4 = ,, „ Iron 1°^. 



O'" 50"^ 100'’ mr 200' 250^ sco" 350° c. 

Temperature. # 

In the majority of these alloys it was found that a e.omj[iafatively 
small addition of the second element renders the material e#treingly 
brittk' and unsatisfactory from a casting iioiat of view. It had 



20 


Alh.OYS RESEjIrA. 

f 

been liopnd fefiattin theso alloys tho [)r(‘sencc oi» an intor-ijcietallic 
compound a very liif'h melting-point and a cpnsiderablc 

d(‘gr(Hi of harsh iK'ss, miglit roude^r the material stiff *aiul bird at 
high tein])(‘,ratiir(‘s. IJidortjinately, it was fbund that tliese high- 
irndting inter- nietallio Compounds produce in tlie alloj^s, during 
casting, a rigid skeleton from which th(‘ remaining metal, wlpcb is 
still li({uid at a teniperature wlum the sk(‘l(‘ton has solidified, tends 
to drain away, halving an unsound porous easting. 

In vi(‘w of the results just quoti'd, attention was next 
concentrated upon detcuinining the influence of iron and nickel 
upon the more usual aluminium alloys. A series of preliminary 
(‘Xjieriimmts convinced the Authors that the addition of iron to 
copper-aluminium alloys, although it did not produce any marked 
diiterioration in the iiK'chanieal ]>roperties, did not tend to produce 
any very important improvement in their liehaviour at high 
temperatures, whih', at tin; same time it undoubtedly increased tlie 
difficulties in the foundry. Other workers hav(^ juirsued this 
particular matter very n^n fi further, and their results on the whole 
confirm the view arrived at by the present Authors at an early 
stage of the work. The stfidy of the effect of the addition of nickel, 
together with further additions either of manganese or of magnesium, 
has led, on the other hand, to results of first-rate importance. One 
of the alloys, which has been distinguished throughout the present 
lieport by the letjtcr “ Y,” which resulted from these investigations 
for the purpose of producing piston alloys, has proved extremely 
useful in other directions, and in tlfe form of rolled bars and sheet 
and similar products promises to be. of very considerable importance 
(see Section III (c) page 111). 

• The first step in investigating the influence of nickel on alloys 
of this kind consisted in a series of tests made upon alloys containing 
from 8 to 12 per cent of copper and 1 to 3 per cent of nie|j[el. The 
results of tensile tests at high temperatures on typical examples of 
‘>hi^ series are slmwn in the graphs of Fig. 16. For purposes 
of corflparison the graph for the alloy containing 12 per cent of 
cijpper •alone is. included in this Fig. Comparison flf these graphs 
shows at once the#beneflcial effect of nickel, but there is ^till a 
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distinct fall in tensile strength between the ordinaiy temperature 
^and 250® C., followed a mucB more rapid Ipll at still higher 

« • * 

^ Pk; 1G . — Chill Castin^n. 

^ 1 = Copper 12%, Nickel 3%. 

= ,> „ 

• 3 = „ 9%, ,, „ . 

4 = ,, 8 %, „ 1 %. 



Temperature. 

temperatures. The next step ednsisted in testing the effects orth<> 
addition of magnesium to alloys containing both copper nickel. 
In the first instance the a 11 ov contain! nior«R ner cent of Conner and 
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Fio, 17.- Chill Castings. 

t ' , 

CojJpcr 8;,', Nickel 2%, Magnesium 1 

34 — „ 8 ', „ 2 ;^, ‘ „ 1 - 5 ^; ^ • 

3.1— ,/ 8’, „ 2’,, 2 y. . 
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^ 2 pcr^’cnt of nickel was chosen for this purpose.^ T*liC alloys tested 
were made to contain nearly as possible 8 [>fT cent of copper, 
2 pA* cent of nickel, and 1, Ji and 2 ])er cent of inagnesiuin, 


Fio. IH . — Sunil ^•asthujs. 
ao- Alloy “ Y ” (Cu 4 ' , Ni 2 ;, ivfg 1*6 ). 
34— Alloy contaiuing Cu 8 ' , Ni 2 , Mg 1*5 . 



Temperature. 


respectively. Tests were inad(i on both sand and cldll castings, 
but for ])urposes of comparison it is sufficient to confine «ur?eh^8 
in this case jflso to the tests on chill castings. JTjiesc arc«indicated 
in Jhe graphs of Fig. 17. Comparison erf the graphs of *this 
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shows thu tlio addition of inagncsiuin has produced an 
important iin])rov^mieit in the alloys. Particularly the alloy 
containing only 1 p(‘r cent of magnesium at a tempcraturt' of 250" C. 
shows a tensile strength of close on 13 tons per square inch as 
comparc’d Avith 8 tons per sejuare inch in the alloy having t^Ki same 
copper and nickel content in the absence of magnesium, tin* allov 
with copper alone being still weaker at that temperature. 

No further details need be given of the intermediate stag('s of 
th(‘ investigation, in view of the fact that it was shortly afterwards 
disco ver('d that in the presence of both nickel and magnesium the 
copper content of these alloys cxnild be safely r(‘d\iced, with 
considerable advantage to the lightness of the alloy, and also to 
its thermal (iondiictivity. 

The results of high temperature tensile tests on both sand and 
chill cast test-pieces of alloy “ Y” {4/2/U) arc shown in Figs. 18 
and 19 relating to sand and chill castings respectively. On 
both these figun's, the best of the alloys (iontaining larg(‘r 
proportions of copper with nickel and magnesium (alloy 34 containing 
8 per cent copper, 2 per cent nickel, 1 per cent magnesium) is 
given for comparison, as well as a graph representing the properties 
of the 12 per cent coppei alloy. It will be se<'n that in both sand 
and chill castings the alloy “ Y'*’ is slightly superior to the alloy 34, 
and of course, enormously superior to the alloy containing 12 per 
cent of copper alone. An interesting and important feature in 
both sand and chill cast test-])ieces of this material is the fact that 
th(jy show an ajjpn'ciablc amount of o^ongation, and at really high 
temperature, above 3(X)" 0., this elojigation increases very rapidly. 
It was this observation which led the. authors to try forging and 
rollbig of this material, with the sue^'essful results described in 
Section III (c), (page 111). 

In order to ascertain the limits of composition within ^whicb 
Variation might be allowed without materially ijiipairing the 
1 TAortant properties alloy “ Y,” a series of tests were carried out 
wfth allots in which the composition had heim varied from 1 yn^r 
cent of nkkel to per cent, and magnesium from 4) *5 per cent 
fn 9. nprripiif Tlip rpHults slfow that small variations of coinnosition 
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Fig. i9 . — ChUl CasiiiKjst 


36- Alloy “ Y (Ou 4 ' , Ni 2 ';, . ). 

34--Allof containing Cu 8 ; , Ni 2 ; , Mg 1*5 ' . 



0 * 

3WC. 


Elongation per cent on 2 inches. 
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do not ii])]>rcri;ii)l V afloct tlio alloy, but that tlio (*.oni[)ositiou orij^inally 
arrived at, naiuel\^, 2 jci‘e.ent of niVkel and I* 5 ]>ercent of magnesiiiiu* 
repn'sents I, lie best of the materials tested. 


Olhi'Y Pro pet lies dJ ike Alloys. 

Apart from tensile strength at high temjieratun's, whieh lias 
b(‘(‘n J‘(‘garded as a fundamental measure of the value of an alloy 
for su(di uses as pistons in internal combustion engines, a number of 
other ])ropcrties arc of considerable importanc(\ The (jiiestion 
of the gi'ucral facility with which an alloy can be cast into more or 
less complicated shape, and the facility with which sound castings 
(uin be obtained, are of very considerable importance. Many of the 
casting alloys exhibit a marked evolution of gas at a temperature 
at or just abov() the {commencement of freezing. Alloy “ Y ” is certainly 
not friHi from this trouble. There is also in all these alloys a 
considerable, tendency towards the defects known as ‘"drawing,” 
which occurs if the, sup^il^v Af liquid metal to tin*, casting is cut off 
before the whole, of the easting has solidified, so that coutraotioii 
during the final stages of •solidification results in local shrinkage. 
The avoidance of defects from both these causes is mainly a question 
of proper pouring temperature and ade(iuate gating and venting 
of the moulds. In the case of alloy Y,” and other alloys containing 
magnesium, a special precaution is, however, required. This relates 
mainly to the manner of introducing magnesium, which it is found 
best to add immediately before the mH;al is poured into the mould. In 
the Authors’ experience, it has been found best to add the magnesium 
in the form of the pure, metal cut into fairly large ])ieces and to push 
these rapidly under the surface of the molten aluminium so that 
they can dissolve without coming into contact with the air. This 
is readily achieved by the use of a small inverted cup, for which 
purjmse a salamander crucible through which a number of holes * 
have been drilled ^can be satisfactorily used. Such a crucible i 
%ittach*d to a suitable rod as a handle, is shown in the sketch, 
Fig. 2(i. ‘If magnesium is added in this way, •it is easy to 
acliieve a very cloq^ apiiroximation to the desired composition of 
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{lio finbhed slloy/ If magnesium is added at an earlier stage, on 
the other hand, a variabk) jiro portion of that eloi no nt is liable to 
be losi during melting, and the alloys are alsi) less lik(*ly to be sound 
and satisfactory in otter respects. • 

With regard to the introduction of nick^ to these alloys, some 
caru k’ , i^ilso required. Metallic nickel does not readily dissolve 
in aluminium, and rich alloys of nickel and aluminium become 
verv infusible or, at all events, contain a very infusible body. For 
this rc'eson, the Authors ])refer to j>repan* a hardener or rich 
alloy containing only 20 jier cent of nickel and to add this 
in the requisite quantity to molten aluminium when preparing 
alloys containing nickel. With these ])recautions, alloys of the 
“Y” type can be satisfactorily made and cast. In these, and 
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in a great many other light alloy castijigs, the presence of 
a considerable number of very minute holes, commonly known as 
pin-holes, makes itself evident when the surfac'^s are machined- 
Although these minute holes give an appearance and suggestion of 
unsoundness on ‘t very minute scale, actual tests show that castings 
containing tlunn do not apj>ear to be appreciably weaker than 
portions of the same casting which are free from this apparent 
defect. While, therefore, it is undoubtedly desirable to eliminate 
these minute holes as far as possible, by suitable foundry 
manipulation, yet their presence need n^‘t be regarded as seriously 
deleterious to the casting. 

Cadinq C<Mr action. 

In order to^ascertaiu whether the differences- i|i. the beliaviour 
of various alloys in the foundry could rightlybe ascribed to differences 
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in the ainoiiftt 0 / contraction undergone by thtin when cooling 
from the liquid wlate* a series of determinations of the total linear 
contraction of a nunihci; of alloys was undertaken. Two inechods 
were employed. In the first of these, a sand mould was prepared 
with a pattern 12J inches long by J inch square*, in section. This 
was jirovided with two sharp pointed projections or “ J)ips«” 12 
inches apart. After drying the mould, and just previous to pouring 
in the metal, the distance between th<i points of the impressions 
of these ])ips in the sand was nu'asured by means of dividers. The 
mould was tlu'ii ('losed and tin* casting poured. When sufficiently 


Fjg. 21.— Total Linear Contraction of Jjiglit Alloys. 
Scale. — Quarter full size. 



cold, the casting was removed, allowed to cool to atmospheric 
temjierature, and the distaiu-e between the points of the projections 
of the castings measured. The. difference between these two 
measurements gives the contraction. In the second method, a 
flat bar 10 inches long by 1 inch wide by \ inch thick was cast in 
sand between the machined faces of a steel template, as shown in 
the sketch, Fig. 21. The wooden pattern and the steel Jbemplate 
were moulded together in the sand, and both removed and the 
mould thoroughly dried and allowed to cool. The distance between 
‘‘the fa%es of the template having *been checked, it was replaced in 
the mo«l&, the, *aould closed and the casting poufed. Template 
^ and casting were ^emo^^d from the mould as soon as pqgsible. 
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U^ici) tlie cast bar liad coobnl conij>lefc(‘ly, il \va“ iv|/laccd bctweoii 
till* faci'.s of tlio tuinplatf^ and ihc .small gap duo ^-o the contraction 
of the aluminium casting determined either by the use of feeler 
gauges or in other ways. The re.sults obtaiiied by both methods 
are, in .siilisfactory agreement, Imt final!}* the nii'thoil of casting 
b('tw‘*en the faces of the steel teni[>late wa.s adojited in preference 
to the other. 

TAIU.K I. 



All(iy (Pcreentagis Gouipositio))). 


(Jon traction 

^laugancM'. 

('oppor. 1 

Zinc. 

Tin. 

' Aluminium 

por cent 
(moans). 

— 


ir> 


85 

1*12 

- 

'J i 

JO 

- 

88 

1*40 


'J-7b • 

i:{-5 


83 '75 

1-27 

- 

n 

15 

• 

" ’ 82 

1-25 

1 

s 

j 


01 

1-31 

1 

11 I 


- 

85 

1*21 

- 

7 

1 

1 

91 

1*19 

. - 

: 1 

i 

1 

90 

1*25 

- 

12 

i 


8b 

1*25 

- 

JO 


1-25 

88*75 ; 

1*22 

■- 

c2 

1 

1-5 

80*5 1 

1*25 


The results obtain(*d for a serie.s of eleven alloys arc sho^n 
in Table 1. It will be seen that the total contractions vary 
comparatively little betwei'n different al loys. The highest contraction 
(1’40 per centj found in the pure binary zinc-aluminium alloy 
containing 15 per cent of zinc ; on the other hand, the alloy “^5” 
has a contraction of only 127 per cent, while the alloy coRtainiiig 
14 per cent of cojiper and 1 per cent of manganes'.Jias a cohtrac^on 
of 1-^1 per cent. In geur ral, the results* indiei^te very clearly that 
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(liffcreuoes in "total contraction between the various alloys an* 
insufficient to account tor tlie difference’s in their hediaviour described 
by tliosc using them in the foundry. Such difficulties as nave 
at times arisen in connexion wjtli the casting of certain of tJic alloys, 
therefore, must be ascrihed to other <;auses. 

Notched -Bar Impact Tests. 

As it was feared that certain of the alloys containing high 
])ro|)ortions of co])per and manganese particularly, might prove to 
be brittle' in practice*, a series of iiotched-bar ijn])act tests both at 

TABLE 2. 


^ Energy absorbed in Fracture. 

(Mean Values). Kg.-Moirus, 



16^ C. 

250^ C. 

“L5” 

0-200 

0-192 

, “Lll ” (Copper 7, Tin 1, Zinc 1 per cent). 

0-082 

0-016 

j Copper 9, Tin 2, Zinc 1*5 per Q^nt . 

0-048 

0-009 

“ 14/1 ’’ (Copper 14, Manganese 1 per cent) ; 

0-016 

0-016 

1 

Copper 14, Manganese 1, Tin 1 per cent . ' 

0-011 

0-007 1 

Copper 6 per cent . . . ' , 

0-146 

0-097 

Cop{)or 8 per cent \ . 

0-095 

0-061 

“ L8 ” (Copper 12 per cent) . . j . 

0-033 

0-024 

1 

Copper 8, Nickel 2, ^lagnesium 1 *5 per cent . 

0-013 

0-015 

“ Y ” (Copper 4, Nickel 2, Magncsiuml 
• 1*5 per cent) /| 

0-042 

0-035 

J 

ordinary and at elevated teni[)erature8 have been carried^ out by 


the Engineering Department of the National Physical Laboratory, 
i he results of these«tests on specinu'ns from chill cast bars, mostly 
f in^i tliameter, whi(;h are tabulated below in Table 2 are not 
verj*' conflusive tptm this ])oiiit of view. It is now rf^ognized that 
notched bar impact #est Values can hardly be regarded as a^safe 
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moans of coinpaiing materials difTering consid^ral^ty in cliaractor, 
and the diffi'n'iices botwt'on some of the “ali'oyi-it considered in tlio 
])rcfc,ont* lli'port are wide enough to A'jtiato any c(>m])arison of 
that k^nd. For that reason tie* Authors do not suggest 
that thf relativ(*. merits of the varioiis alloys can safely be 
gauged in any way by comparison of the im])act values given 
in this Table. The only striking fact which appears to emerge 
from the data obtained, relates to the influence of tin on the impact 
strength of the alloys at elevated tem])eratiir(‘s. (Comparison of 
the figures obtained with alloys differing only in that one of them 
contains 1 per cent of tin, vv'hereas tin is absent in the others, shows 
clearly the deh‘terious Mifluenct*. (d tin in this respect. 

Thermal ConduclivUy . 

The mam advantage deriv(‘d from the use of aluminium alloy 
pistons in Internal combustion engines, such as those used on 
aeroplanes, is dm*, not so much to any small saving in weight even 
of reciprocating jiaits which may be Sffi^oted in this way, as to the 
very i ' nsiderable gain in the efficiency of the engine owing to 
the greater heat-conducting power of4hc aluminium pistons. In 
the case of air-cooled engines, the use of light alloys having high 
thermal conductivity avoids the distortion arising from unequal 
cooling jf the leading and trailing sides of the cylinders. Even 
in water-cooled engines, however, the higher thermal conductivity 
of the aluminium piston allows the use of considerably increased 
compr*.‘8sion ri tios, which leal to an increase of the power of the 
engine, and at the same time to a decrease of petrol consumption 
per lioise-power-hour. In view of the importance which thus 
attaches to thermal conductivity, a series of careful determinations 
of this property have been made by Dr. E. H. Griffiths, of the Heat 
Departjnent of the National Physical Laboratory. The methods 
employed ill tl measurements havt been described elsewhere, and 
here it is only necessary to quote the results. TJiese arc embodied in 
Table 3. 

It will bt seen from this Table, that the thermal co’bductivities 

• % 

of ^he various alloys do not differ 1»o anj^’ very large extent, 
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TA HLK 3. 

7 lu'i vml Cond nrfi ritj/ . 


TJicrmal OriKlucfcivity. 


Goniposilioii ])y Analysis. Rn.nd. Chill. 



As cast. Annealed 450 

As cast. 

Anhcaled 450°. 

Copper (1). 

100'. 300°. 100\ 

.300°. 

, 100°. 

300°. 

100 °. 

stnr. 

1^* .... 

Tin. Zinc. Copper {' 2 ). 

1 0-34 0-37 0-3C 

0-3S 





0-82 0-88 (;-r.4 . . 

— 


0-39 

0-41 

0-.38 

0-40 

Copper. Zinc (8). 







2-75* 13-6*. 

0-32 0-30 — 

— 

0-31 

0-37 

0-34 

0-35 

Silver. Copper. 







0*91 7-05 . 

— - — 

- 

0-87 

— 

0-39 

0-42 

Magnesium. Iron. Copper. 







0'63 2 09 3 'J 

Iron. Copper. 

0-35 . ,0-38 ^ 0-30 0-37 
Irou-Copper-Aluminium. 

; ' 1 

0-37 

0-33 

0-40 

0-41 

0*82 7-91 . 

- — — 


0-35 

0-.38 

0-40 

0-42 

2*09 8-18 . 

Nickel. Copper. 

Nickel-Copper-Aluminium. 

0-34 

0-3(1 

0-38 

0-39 

1-12 7*98 . 

— — 



0-38 

0-40 

0-41 

0-42 

2'IG 9-04 . 

— , — 

_ 

0-36 

0-39 

0-40 

0-41 

1-90 11-87 . . . — — , — — 0*35 

Manganese-Copper- Aluminium. 

Manganese. Copper. " i 

1 

0-38 

0-,39 

1 

0-98 13-9 . 

0-2G 0-29 — 

— 

0-27 

0-30 1 

0-37 

0-38 1 

9-y» 8-0 . . 0-25 0-29 — — 

Manganese-Nickel-Copper-Alumini 
Magnesium. Nickel. Copper. . i i | 

0-25 j 

um. 

0-30 1 

0-30 

0-39 

I*' 2* 9-08 

— — 1 

— 

0-33 

0-37 

0-38 

0-39 

1-5* 2* 8* 

0-34 0-3G : 0-39 

0-40 







1-5* 2* 4* 

0-35 0-37 j • - 

— 

o*3r 

0-40 

0-40 

0-41 

Pure Aluminium 

0-50 0-50 — 

... 

0-52 , 

0*52 

c. 

0 

Ca.'»L [font . . n 

0-102 0 - 099 ' 0*1 21 ' 0-113 

: • i 

_tj 

- 


- 


♦ Nommtrt composiLion. ^ 

^ Graphite. Combined Cai^bon. Silicon. Sulphur. Phosphorus. Manganese. 
As cast . 2-C4 6-85 1*84 0’078 1*09 ^ 0*82 

Annealed , 3'Sl • 0*J5 1*94 0*070* 1*09 0*85 
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although some of*t.lu‘ alloys liavc ana])prooia})ly liy^4icr.condiictivity 
This applies particularly to alloy “ ^ 

JI(c).o Hrat-Trcabncnl of Vc.^fuKjs. 

Th(‘. very great iniprovemout in the mechanical i)ropertics of 
a ^'iymhcr of aluminium alloys, particularly those containing 
magnesium, whic.h can be produced by heating and quenching 
from suitable temperatures in the (‘.ase of forged and wrought 
material, obviously suggests the possibility that similar improvement 
might be obtainable in castings by proper heat-treatment. The 
fact that it has hitherto been thought impossible to obtain such an 
improvement in the cese of castings made of the composition of 
Duralumin, lias tended to retard development in that direction 
The present, Authors, however, liaving had occasion to apply heat 
treatment to cast matcTial of various compositions, soon arrived 
at the conclusion that improvement in mechanical properties could 
be obtained if the heat treatment were suitably arranged. This 
very promising line of work has be<?n |»ur8ued to a considerable 
extent', ind the results described below have been obtained. 

In the case of the simple binary alloys of copper and aluminium, 
it might not at first sight be anticipated that heat- treatment could 
])roduce any very marked results. In connexion with an inquiry 
into the so-called “burning” of aluminium copper alloy pistons, 
however, it was decided to ascertain if possible the mechanical 
pro])erties of a saturated solid solution of copper in aluminium. 
Work on the ( mstitution of these alloys has previously shown that 
the solubility of copper in solid aluminium is of the order of 5 per 
cent, bat that this amount of co})per, or rather of the copper- 
aluminium compound CuAU, could only be brought into s^»lid 
solution by prolonged annealing. Normally, in the production of 
coppei^alumi Ilium chill castings, free compound (CuAlj) is found 
in the alloy vl* m the copper conteni is as low as 2 per cent. For 
the purpose of the present exjieriment, chilltcast bars containing 
2 per cent, 3 per cent, 4 per cent and per cent of copfie^we^ 
prepared. These were annealed for three day^ at a femperature 
belyyeen 450^ and 520'^ 0. After this triatment, microse!opio 
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exaTiiination, 'tiliowod that no nndissolved fomj^)ound CuAL was 
present, except ^in tliri'case of the alloy containing ih per cent df 
copper, whore a minute quantity could still be fouiuf. *Kcs?alts of 
tensile tests on these alloys are shown by the thick lines in the graphs 


• Fio. 22. 

Tensile Tests cm Heat-Treated Chill Castings of Copper-Alumiuiwn 



c of Fig. 22. For comparison, the results of similar tensile tests on 
nnannealed chilled c^istings of the same composition are shown by the 
* thin^n^in thesame Fig., the data bding taken from the Eighth Report 
to the Alloys Research Committee. The result of heat-treatment 
ip tfliis case has beej^ to raise the ultimate stress to a very majrked 
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(logreo tlio improVoinent in the alloy containing 3 tunit coj)per 
is*froin S tons ])cr square iiuOi to 10 tons per ^qn;fr(* inch, and in 
the al](iy containing il per cent of copper, f/oni Oi tons to 15 tons 
per square* inch. This Very remarkahle^increase in tensih*. strengtii 
is accoinpaiTied by an appreciable increase in •longation. Tlie results 
in r^gajd to elongation are also shown in the gra])hs of Fig. 22. 
These results indicate very clearly that considerable ini])roveineni 
in the mechanical properties of copper-alutninium alloys may be 
obtain(^d froin suitable heat-treatment, a])plied to castings. It 
ap])ears probable that still higher tensile strength could be obtained 
by the use of alloys containing a higher j)erceiitage of co])])er, which 
would l(‘.ave an a])preciable amount of the hard siiff(*ning body, 
('UAb in the alloys even after the prolonged annealing descrilnal 
above. 

Still more striking and important results liave been obtained 
by heat-treatment ai)plied to castings of the alloy “Y” (‘l/2/l|). 
The heat-treatment applied to this alloy is similar in (‘crtain 
respects to that which has been found su(«?^ssful wh(‘n applied to 
the rolled material, but in order to bring the alloy in the first 
instance into a condition resembling as ifharly as possible that of 
the wrought material, a prolonged heating at a tem])eratiirc in the 
neighbourhood of 500° C. is applied. In the earlier stages of this 
work, the temperatures employed were restricted to the neighbour- 
hood of 500° C., in view of the fact that in the case of alloys similar 
to Duralumin a temperature appreciably higher than 510° C. is 
known to damage the material. Subsequent work on this alloy, 
as has been indicated b(‘low, lias shown, however, that much higher 
temperatures can safclv be emjdoyed, and both heating and 
quenching at and from temperatures as high as 530° C. have been • 
successfully used. 

^ The results obtained are indicated in Table 4. It will be 
seen that the heui treatment there described consists in heating 
for six hours at 480° C. either in an open muffle 6r in a salt ba^ 
(nitrate), followed by quenching in water. Quenching in boTling 
water or in oil has also been used and gives on the somtfwhat^ 
better ^sults than quenching in cold water.* Thedata given in the 
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Tublo are tiie stress results obtained ifi the^ maternal both 

as cast, and after ficat-treatinent, wlien tested l)oth at the ordinary 
te.inperature ami at 2C‘0'’ 0. In additiiui, in ord(‘r to ascertain the 

TAHLK 4. 

Alloy “ y.” \-inch diameter Chills. 


Troatraent. 


lUtiraafce Stress. 
Tons per square inch. 


As Cast 

Tempered 48 hrs. at 250® C. . 

IIrat Trkatki). 

(1) OpenMufile:— 

6 hrs. 480® C. quenched and aged . 

,, „ tempered 4«it hrs. at 250® C. 

48 hrs, 480® C. quenched and aged . 

„ „ tempered Is hrs. at 250® C. 

(2) Nitrate Bath : - 

G hrs. 480® C. quenched and aged . 

„ „ tempered 48 hrs. at 250® C. 

• « 

48 hrs. 480® C. quenched and aged . 

„ „ tempered 48 hrs. at t50® C. 

(8) Nitrate Bath 

(j hrs. 530® C. quenched in boiling water | 
and aged i 


15® C. 
12* G 


0*8 


14*0 

15 8 


13*8 


14 -G 

13*2 

lG-0-' 

1G*() 


21 o: 


250® C. 
10*5 


8*G 


11*3 j 

10*1 ! 

j 

12*0 i 


9*4t 

12*8 i 


11*0 

13*7 

12*0 


■*' Maximum ext. at 15® C. 2*25 per cent on 2 inches, 
t Maximum oxt. at 250® C. 3*75 per cent on 2 inches? 

X Extension at 15® C., 6*5%. 

effect of i^rolonged heating at 250° C. on alloys which have been 
^heat-treated the manner described, tests liavt^. also been made 
both at the ordinary teiiiperature and at 250° C. on sjjeciinens 
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wliicli, B'ibsctiU(‘Tifc to bcat-troatmqiit, have* boor tompored l)y 

licatinj? fop 48 linurs at 2r)(r V. * 

* • 

It will bo s(‘c!\ on inspo(‘tiou of tlio Tabl(\ that licat-trcatinciit 
prodiinoR v<‘^v important iinprovonionts^in tin*, fonsilo, strongth of 
t lio materia I, Ixith when tested at the ordinflry tein])oralure and 
at 2nr3'X^ The effect of ])r<)loni;(Ml lieatin^ at 250" V. upon the 
tensile strcnif^th both at tlie ordinary tem))eratur(‘ and at 250'' 0. is 
very marked on the material as cast. After heat-treatment, the 
(dfect of prolonged lieating at 250*^ 0. a])])ears to be very 
considerably less. In a heat-treated easting of alloy “ Y” it will be 
seen that the tensile strength of IG tons per square inch is 
uiiaffeeted by two days’ tempering at 250'' C., although it falls 
to 12 tons per square inch if tested at 250° 0. The latter figure, 
liowover, must be compared with 10*5 tons per square inch, 
which represents the tensile strength of tlic material as cast and 
tested at 250° (h The elongations, as indicated in the footnote to 
the Table, ari'. ])ractically unaffected by heat-treatment. The 
effect of tempering and of testing at 25o°^J. material which has 
been heal treated at 530° (h has not ye.t been fully tested. It is 
interesting to add, that heat-treatment of this kind is now carried 
out in regular industrial ])ractice at the Royal Airship Works at 
Cardington, and that an ultimate tensile stress as high as 20 tons 
])er square inch was first obtained there. Tin*, importance of so 
marked an improvement in the strength of castings of alloy “ Y ” by 
a comparatively simple heat-treatment is, of (amrse, obvious. It 
should open u|) .. field of application for aluminium alloy castings 
which the relatively low strength of such material has Idtherto 
rendered impossible. 

In connexion with the lu^at- treatment of castings of alloy “ Y,”* 
the microstructures of the material in the various conditions have 
been carefiill y stud i(’d . These are illustrated in Figs. 23 to 28, Plate 3, 
Fig. 23 shows tJjw alloy as cast, unetched, under a magnification 
of 150 diameters. The same structure after etching in hydrofluojjjc 
acid, which darkens the aluminium-nickel compound (iTiAl.,) 
is shown in Tig. 24 under a magnification of* 400 diai&eter?^ 
The sacne structure etched with hot nitric acid, which probably 
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darkens , copper compound (OuAU) is sliown in Fig.^ 25 
also under a magnification of 100 diameters. Fig. 26 shows the 
structure of tlie c^^ 3 t material after heating for six 'hours at 
530° C., quenched in cold water. This section had not been 
etched, and is shown under a magnification of 150 (iiameters. It 
will be seen that the amount of free compound present is p-.atitially ^ 
less than that shown in Fig. 23 jirior to heat treatment. Fig. 27 
shows the same structure as Fig. 26 under a higher magnification, 
,600 diameters. The very large effect which is produced on the 
stnuturcof the annealed and quenched alloy by re-heating it to 
.500° 0. followed by slow cooling is illustrated in Fig. 28 upder 
a magnification of 500 diameters. Here a large amount of a dark 
etching constituent is present. The alloy in this condition has of 
course, been completely softened and wiU undergo no appreciable 
hardening by subsequent ageing. This micrograph clearly illustrates 
the fact that the age-hardening property of the alloy after heating 
and quenching is due to the retention, by quenching, lyoM 
solution of one or mSrc’of the compounds present. As indicated 
in the section on the constitution of these alloys, the subsequent 
age-hardening is no dohbt due to the separation of this dissolved 
compound in a very finely-divided state 


SectIVin ITT. 

Wrought Alloys, 

The present Section deals with alloys capable of being wrought 
by such operations as forging, rolling, extrusion, .cold drawing, etc., 
and relates not only to the mechanical properties of the^oys when 
heat-treated, but also to their behaviour while undergoing working 
and describes the methods which have been studied and adopted 
lor Wreoming the numerous aAd serious difficulties which were met 
at e*r‘y starin endeavouring to forge and rollhilloys which had 
Wtherto been regarded as unsuited for treatment of that kin^. 
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* The livruufff ^iiiuja uj ^mc njia K^opper. 

In vi(V 0 ^ the results and anticipations inpeuted in the Tenth 
R(‘port to the Alloys Kesearch Committee^ the first step undertaken 
was a prelinimary exploration of the behaviour and properties of 
the tegnii^y alloys of copp(‘r and zinc with aluminium. Remarkable 
results already obtained with one of these alloys (3/25) W(‘re given 
in an Apj)endix to the TeTith Report, but before proceeding to a mon*, 
detail<‘d sl udy either of that alloy or of any other member of tlie 
grou]), it became desirable to ascertain the range of i)roj)erties 
which might become available by variations of c.omposition in 
either direction This pre liminary work, carried out lieforc the 
experimeni-ai rolling-mill at the National Rliysical Laboratory was 


Fio. 29. 



available, will only be briefly described here, mainly for the 
purpose of showing, first, the very great difficulties which were 
encountered so lon^ as rolling experiments had to be carried out in 
an industrial plant under conditions which could not be easily 
regulated to suit the materials under trial, and in the sc'cond place, 
in order to record interesting data which have been obtained in 
regard to a number of alloys Vhich may prove to be of some 
pennanent yiterest, although they have not been chosen for further 
careful study in th*. present research. 

The teniary alloys of copper and zinc with ahiininium which' 
were chosen for this preliminary work, arc tabulated in Tabfb t 
which gives hot h the composition aimed at and the actna] compoifition 
of the ^oys as found by analysis. The tefnary tilloys tested arO' 
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Jiown ill rt‘latioii to thi* hasiil diagnini of the ternary system 
11 Fig. 29. ^fii addition to t.hes(‘, a iiiniihcr of special alloys 

TABLE 5. 

(JohiiKmi^m of Ternary Alloy IHUels liolled. 


[ Intended. 


Composition por cent. 

Found by Analysis. 


H 1 


0 

7 

8 
9 

10 

11 

V2 

i;3 

4 A 

5 A 
OB 
6C 


5 

10 

15 

25 

5 

10 

15 

20 

5 

10 

20 

80 

20 

25 


1 Zinc. Copper. Zinc, 


4G4 
4-71 
9-00 
14 74 

23- 48 

3- 5 
7-38 

13-09 

18-95 

4- 70 
0 01 

18-45 

28-73 

20-52 

25-25 

24- 47 


Coi)por. 

3-02 
2 -07 
2*75 
2-50 
2-G7 
2*31 
1-76 
1-04 I 

1- 6G 
0-87 
0-94 
0-80 

2- 87 

3- 13 
3-13 
2-90 
2-78 


iron. Silicon. 


0-10 


0-14 


0-lG 


0-12 


were^aiso prepared in order to test the effect the addition of 
'magnesium and ^of (certain impurities. The compositions these 
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ilso arc indicated in tin*. Tal)l(‘, but tlu‘y cannot be rcpresentiHl on 

o • 

Lhe^ diagram. * 

The ])rej5aration of these alloys was carried out on nuicli th(* 
^ame lines ^ those adof)ted in connexion with tlui work described 
[n the TciitlfKeport, l)oth th(‘ zinc and aliiR^nium used being of 
the san^e quality as that described there. The copjKT employed 
was remolted refined electro-copp(‘r. The materials used for this 
j)ortion of the research W('r(‘ kindly supplied free of charge? by Messrs. 
The Britisii Aluminium Co., Ltd., as regards aluminium, the zinc 
by Messrs. Brunner Mond and Co., Ltd., and the copper by the 
Broughton Copper Co. 

The alloys were melted in (juantities of from 20 to 25 lb., 
suHicient to allow the following castings to be made : — 

(1) One 3 inch diameter chill east ])illet, 19 inches long. 

.(2) Three chill castings, 1 inch diameter by 7 inch(‘B long, and 

(3) Four shaped sand castings. 

The melting was done in salamander c^uc'/U^les, closed with a lid, 
in an oil-ii"'d injector furnace. No charcoal or flux of any kind 
was used. The aluminium was melted firsi, the copper added next 
as 50 per cent copper-aluminium alloy, and the zinc added last. 
The melts were stirred with a graphite rod. In weighing out the 
alloys no all Dwance was made for loss of any of the various metals ; 
in some of the earlier molts the compositions found l)y analysis 
showed somewhat considerable variations from those aimed at. 
With latei melts, however, when', the temperature conditions were 
regulated by moans of pyrometers in the molten metal, more 
satisfactory results were obtained. In these preliminary melts, 
pouring temperatures were not determined, but merely judged by®, 
eye. 

The rolling of the alloys was carried out at the rolling mills of 
the British Alumi;iinni Co., at Milton, Staff., by the kind permission 
of the Company. Every possible facility and assk^tance was given 
to the Authors in carrying out thfk work, in spite of th® fact4hSt 
it necessitated soihe interruption of the regular production Vork of 
the mill. It was not, however, possible to alter t^e speed of rolling 
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or the jiassf's provided in the rolls, and tliosc wcre^all adjusted to 
suit tlie very scKt material normally treated, namely, ^mre aluminhnn. 
Tliesc rolling experiments wore carried out at various dates loctweon 
July, 1010, and April, 1913.^ Before the latter date, the Authors had 
rc^acdied tlui convi(;tioii that smwiess in work of this kind could only 
ho assur(‘d if rolling operations could he carried out in ^'Special 
cxj)erim(‘ntal mill ujid(‘r their own control, and tin; erection and 
installatioji of the necessary ])lant at the National Physical 
Laboratory had at that tijue b(M‘n b(‘gun. 


liolliivj and Drawinj Operations at Milton. 

The, procedure adopted was the same as that described in the 
Tenth Keport, namely, preliminary breaking down, hot, from 
3 inches diameter to IJ; inch diameter. The rods so obtained 
were then divided, two 18-inch lengths being cut from each and 
reserved for drawing operations, while the remainder was reheated 
and further hot-rolled Ko rbds of \ inch diameter. 

In the case of the first series of billets rolled (HI to H12, 
Table 5 ) , no attempt was made to determine the actual temperature 
of the billets during hot-rolling. The billets were preheated in 
the manner usually employed in the case of pure aluminium, to a 
temperature of about 400° C. in one of the ordinary muffles used for 
aluminium. 

With the exc.eption of the hardest alloy, H5 (3/25), no serious 
difficulty was experienced in breaking down to 1| inch diameter 
rods. In the case of the 3/25 alloy, a portion of the billet broke up in 
the early stages, its behaviour suggesting that too high a breaking 
•down temperature had been employed. On allowing the remaining 
sound portion to cool somewhat, it Was successfully rolled to 1 J inch 
diameter. ^ 

On a later occasion, when melts H13, 4A, 6A, 6B and 50, were 
rolled, the temperatures of the billets were measured by thermo- 
coufJles. In order to do this, without boring a hole in the billet, 
a smaiil aluminium casting having a saddle shape and grooved on its 
^ under side, was placed* on the billet and heated with it aa shown 
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in section in Fig. 30. Before rolling, the billet w is drawn to the 
front of th(5 niuflic and its temperature dcitcnuined by inserting 
the thcnno-couplc in the groove between j addle and billet. The 
use of this device led to a distinct iiuprov.eu ent in the breaking down 
of the harder alloys 3/25 and 3/20. It was^oon found that in the 
case o.* th^se alloys, tem])eratures considerably b(‘low 4fK)'^ C. were 
most favourabh^ for breaking down, and timiperatiires determined 
in tlu^ above manner, as low as 300° C. were satisfactorily employed. 

Fig. 30. 

Scale. — I rail sijie. 



The behaviou'’ of other billets which gave interesting results is 
indicated in the i oil owing tabulation : — 

H5 A (3/25) Rolled ai 305" C. — Billet fell to powder at the first pass. 

H5 C (3/26) Rolled at 300” C.— Rolled to If inch--fin cut oft, rod re^heated 
and rolled to 1-inch diameter. 18 inches 
re-heated and rolled to ^-inch. 

H13 (3/30) R 'lied at 290° C.— Roiled to i J inch, but showed bad cracking 

114 A (3/20) Rolled at 310° (J.-- Rolled to l^-mch di.ameter. 18 inches 
re-heated and rolled to J-inch diaij^tA, 

• 

In additinn uo the billets wliich were intended for rolling int<;» 
rods, i^certain number of slabs liad also biauicasfr in a sand mould, 
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measuring i3] mclios by lOJ inclics, witli a tlfiokness of IJ inch, 
the. niat(Tials Jisod bein" H5 (3/25) and H4 (3/15).^ Tliose w(tc 
broken down at. 3(.X'°(\ and 290° n'SjK'ctively to 9* gauge 
(0* 144 incli). TIk' l)laidvK thus obtaiiual were di\dd‘Ml into two, 
and one-half of eae-li*' annealed at 400° anil subsequently cold 
rolled to 15 gauge (0-072 inch). The linislied sheet ^ whowed 
considerable surface spill and serious edge cracking, d’ests of this 
sheet in thi*. ease of the 3/25 alloy have already bi^eii given in the 
A])pendix to the Tiuitli Report, page 143. 

To'd Drawituj. 

Attcin])ts at cold drawing were made on the hot-rolled rod 
obtained from the cxj)eriments described above, both without 
any annealing, and with preliminary and intermediate annealing 
at about 400° C. In the absence of annealing very limited success 
was obtained. Only the alloys of low zinc and copper content 
could be reduced to ] ;! inch diameter. The alloys 4/5, 3/5, 3/10, 
3/15, 2/20 and 1 /20 bre^ke before this stage could be reached. 

When annealing at 400° C. was used, all the alloys from Hi to 
HI 2, with the exception* of 3/25, were drawn in two draughts to 
1 inch diameter, after a preliminary annealing. After a further 
annealing, drawing was continued and was successfully accomplished 
to j ;; inch diameter except in the cases of alloys 1/5, 3/15, 2/20 and 
1/20, which drew hollow and broke. Further ludd-rolling from IJ- 
inch diameter rod was attempted on a later occasion with the alloy 
3/20 (melt H4 A) and 3/25 (melt H5 B). These and subsequent 
efforts, however, failed until at a very mui h later stage, when, 
as the result of work carried out with the experimental null at the 
‘National Physical Laboratory, the properties of these materials were 
better understood. Ultimately, the^V20 alloy “A ” was successfully 
drawn from 0-5 inch diameter rolled rod to 13 gauge wire by 
Messrs. Henry Wiggin and Co., Ltd., at their Birmingham works. 

** Den sill/. 

the density of the ternary copper-zinc-aluminium alloys studied 

thb form tOf J-inch hot-rolled rod has beeif determined at 
atmospheric temperature by the Metrology Department ^of the 
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Laboratory. Tlie results for the 1 2 and 3 per fc.ut copper series, 
and for the alloy containing copper 4, zinc 5 per cent respectively, 
arc shown in the graphs of Fig. 31. the case of other 


Fig. hi. Density. • 
Grammes per cubic centimetre. 
4 -inch Ilot-llollcd Hod, 



wrouglit alloys studied, results are included in the summary Tables 
of Section III (c). 

Mechanical Pro'P’ Hies. 

The complete study of the mechanical properties of the material 
obtained from the rolling experiments described above, has :ffever 
been carried out, owing to conditions which have alrcf cjy been referred 
to. The tests which have .actually been carried out are indicated in 
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Table 6, whore page references to results of the various tests arc 
iifiluded For the jjurpose of completing u6 a ^certain exti^nt 
the avuiilalile data, a few of the tests referred to in Table 7, and 
cpioted in detail below have been carried oui/ in the present year 
(1920), ncafly 10 years aftc^r the material ’'^^as rolled. This fact 
is of .‘^'^me importance as showing the properties of material which 


Fig. 32. — Tensile Tests on Hol-Rolled Bods. 
diameter. 



has undergone the ageing process, to which reference is made below, 
^to a very#complete extent. 

Trnsik Tcbla on Hot-Rolled Rods 1^ inch Diameter 
and I ineJt Diameter. 

The results of tensile tests carried out on te8t-i)if;ces of*8l»indard 
shape (B.E.S.A. Test-Piece C) with screweJtl end«, are shown in the 


Elongation per cent on 2 inches. 



Tons per sq. inch. 
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graphs of Figs. 32 and 33. In these graphs . the zinc content 
of the alloys rs lisell as abscissa and the tensile strength ns 
ordinate, while the points plotted from the result's of series of 
alloys having the same copper content are united by the lires forming 
the graphs. There a^c, therefore, graj)]is re}»resenting' alloys with 


Fig. 33. — Tensile Tests on Uot-Ilollcd Hods. 
g-inch diameter. 



varying zinc content and containing respectively 1, 2 and 3 per cent 
of copper. In regard to alloys containing 4 })er cent of copper, one* 
only was successfully rolled, so that tlicre is a single point for each 
property of this alloy instead of a graph. In order to diminish the 
numb^ of separate graphs on the same Figure, 4he results for 
reduction of area* arc plotted in separate Figures, Nos. 34 and 


Elongation per cent on 2 inches. 
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35. For ourposc of comparison, liowover, tlic. rooaltv from pure 
u?liiiiniiim-ziric alloys arc shown, on t-lic latter (liagr.llus. 

It '♦/ill P)(^seen that the graphs for the two scries of rods arc very 
similar, bfft there is sVjme superiority m elongation in the case of 
the J-inch fliameter mat(*rial. Tests on roj I diameter are 

Vm. 'di. — UctliicLwn of Area. Hot- Rolled Bud. 

Ij-incb diameter. 
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only avadable in the ease of alloys 3/20 (114 A) and 3/25 (H5 B). 

* These show a sK<rhi superiority in ultimate stress and a considerable 
increase- ie elongatioi\ over the J-incli rod. Th^ r(‘sults are shown 
in Tabic 7. 

All ih(^ gnk[)hs indicate, as might be expected^ an incfcase^of 
liardncss with increase of copper content? 0o|*por is found to be 
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a juorc ])ot<t'nt luirdcning agent than zine, and this fact is well 
brought ou<- inV’the*‘gi'a})h.s of Figs. ‘36 (page 60) and 37 (page 62), 
where the sp(^eifie tenaeiti(;s for the 3 per e(nit e()pp^r t^^ruary 

, 'tAHLE 7. 

Tvufiilc TeMn —Hot -Rolled to ^-incfi Diameter. 


Alloy. 

YioM kLi’css. 

Ultirrtate 

stress. 

Elongation 
per cent 
on 1 inch. 


Tons per 
squ.'irc inch. 

Tons per 
square inch. 


6/20 (INA) . 

21-2 

27*6 

25 

3/25 (1151?) . 

27*1 

31*7 

21 


alloys in the form of -J-ineh diameter hot-rolled bars are ])lotted 
against density and zinc (‘optent respectively. 

TABLE 8. 

< 

^ Tennile Tests on Material Hard-Drawn from }^-inch Diameter, 


^latci'ial. 

Yield 

Ultimate 

P31ongation per cent 

Stress. 

Stress. 

on 2 inches. 

3/20 Alloy. 

(H4A) l>rawn i inch. . 

Tons 

per Bq. inch# 

32-8 

Tons 

per sq. inch. 

34'1 

7*5 

3/26 Alloy. 

«(H5B) Drawn inch. . 

24*4 

32*8 

11 

(H50) Drawn ^ Inch. . 

31*0 

* 33*3 

12*5 


Ten.yle T<\sl.s on Hard-Drawn MakriaL 

'rAisilc tests on the hard-draw* i material have lM*en carried out 
in a similar manger to tliat employed in th<! case oUthe hot-rolled 
ro3, but, as alread}^ indicated, a number of tliese rods broke or drew 
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hollow (luring the -process of production, so that the results must 
b(^regar\led as of dou’btful value. 

Some d*fi^a representing the results of tensile tests on material 
obtained iifom the attempt to draw 1-inch rod down to lower 
diameters af<‘. shown in Tabhi 8. 
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Fig. 30 . — llcduclwn of Area. ]£ol-ltolled Rods. 
7.incli diameter. 
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Elastic Properties of the Alloys. 

Deteniiiuations of the elastic modulus and the elastic limit 
(limit of proportionality) on the material now under consideratioiv 
have only been carried out iifthc present year (1920), nearly ter 
years after the alloys had been rolled. Thcvse ileterminations wen 
^carried out in tec Engineering beparl.nent of the National Physica 
Laborator'^, and were made on te.st-pieces 0*5 hich diameter am. 
8 inches between gauge marks, the inatcrial used Ixdng both hot^offec 
J-inchdian»etex>and hard-drawn ] ;; inch diameter r»(l. Stresu-straii 
diagrams and elastic curves derived frofti thei*e observations 8( 
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far as tliey .relate to the hot-rolled material are shown in Figs. 
38 (i)ago (>3) aiM 3lf (jkgti (il). The values found for elastic lin!it 
and modulus are giv(‘n in Table 9 where the alloys art* aiianged 
in the order of increase in elastic limit. *' 

The values of tinj yield and ultimate stress, elongation and 
reduction of area obtained from these 8-inch test-])ieces ar^ given 

TABLE 9. 

Klff.sfir Properiies—l-itirh diameter Hol-JiolIeA and \^:-iiich diameter 


Alloy. 

Hard-Draini Jlod. 

J'lastic Limit. 

Elastic Modulus. 

Hot- Rolled. 

Tons per .sq. inch. 

Lb. per sq. inch. 

2/10 (1I7H) 

5’5 

10- 00x10" 

J/10 (iniR) 

8-0 

9-G7 

3 10 (I13U) 

8-7 

9-74 

3 15 (H4U) 

120 

9‘74 

2/20 (H9R) 

12-2 

9 07 

1/20 (H12R) 

13’1 

9 '57 

Hard- Drawn. 

2/U) (H7D) 

8-7 

9-88 

3/10 (U3D)* 

9-3 

9-45 

1/10 (HllD) 

10 '0* 

9-74 

1/20 (H12D) 

li*H 

9-51 


ill Table 10 m the columns headrd ‘‘ Ten years,” these words 
indicating the age of the specimens on which the tests were carried 
out. For purposes of comparison, in an adjoining column are stafifd* 
the corres])oading»data from tests on 2 inch test-pieces made at a 
tii^ie%vhen the same alloys were orfly seven weeks old. 

Thtt ft,bove ^fable shows the important fact t^at the tensile 
properties of tliis ^serics^of alloys in the hot-rolled condition have 
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undergone a material improvement in the course of ten years’ 
ageing. This imj)rovement tjikes the form ol e ma#k(;d increase in 
iiltinia.;C sfress and yield without a serious reduction of ductility. 
The elasti(Mimit. values obtained arc liighin comparison with accepted 

TAltLK 10. 

l-Inrh Diavieter Jtod, Aijed 7 Weels and 10 years. 
Hot-Rolled and Hard Draini. 


I 


Alloy. 

Yield. i 

Tons per ' 
sq. inch. ^ 

tUtimatc. 
Tons per 
sq. inch. 

Elongation j 
per cent on ■ 
2 inches. | 

Iteduetion 
of Area 
per cent. 



10 


10 ' 

1 

10 

' 

10 

ifot-rollod - 


years. 


years. 


years. 


years. 

2/10 (117) . 

7-8 

9-5 

13-1 

14-9 

30 

27 

57 

50 

VJO(Hll) . 

7-4 

11-7 

13-7 

170 

2G 

27 

51 

54 

3/10 (113). . 

9-7 

13*5 

17-1 

19-0 

24 

21 

42 1 

42 

3/15 (H4). . 

13-0 

- 

21 -G 

• 

24-2 

f 22 

22 

30 

39 

2/20 (li'l). . 

16-4 

- 

24-2 

2C-0 

24 

20 

36 

29 

1/20 (1112) . 

16-5 

j 

23-5 

24-2 

26-2 

24 

20 

39 

29 

Hard drawn — 


j 


' i 

1 




2/10(117). . 

' 14*4 

j 15-0 

10*9 

17-0 

1 

1 13 

10 

— 

1 26 

3/10 (HB). . 

1 

1 7-8 

1 

14-G 

j 12-3 

i •> 

1 

^ 1 


13 

1/10(1111) . 

!3-3 

]5'8 

15*2 

! 18'5 

1 , 

! 15 

14 

- 

33 

1/20 (1112) . 

, 20-1 

1 24-5 

1 

23-8 

! 25-1 

i 

1 

1 9 

! 

4 

— 

15 


values of other wrought aluinijiium alloys of similar density in this 
condition as hot-rolled. 

l\irlher Tests on the Alloys, t 

It had originally been intcncled to carry out the systc‘lnatic 
testing of theso alloys in the very complete manner which* has been 
applied to the alloys of aluminium and iinc mi described in the 
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Tenth KepdH. ,ln view of th(,‘ evident superiority of ce^’tain of 
the alloys, this\’ery exi ensive ])roffram has never becij completed. 
Certain additional tests were, however, carried out, and the^'results 
are recorded below. 

dC).-- Sjwijic TciuLcittj. 



Alternate Bending J'esls {Arnold). 

A series of test-pieces of these alloys, similar to those prepared 
Prom the aluminium-zinc series described in the Tenth Ileport 
k\'ere tested by tile kindness of Trofessor .1. 0. Arnold, F.ll.S., in 
his special alternatii-bendiiig testfiig-machine at Sheffield University. 
The t(<ts were carried out at the samci time as those otthe aluminium- 
zinc alloys, and IVofcbsftr Arnold's remarks relating to these tests, 




ALKY'S RESEARCH. 


61 


Alloy. 


3 ilO ^H4) 


j 3/25(115) 


I 1/5 (HIO) 


3/10(113) 


3/15 (H I) 


TABLE 11. 

Arnold Teats. 


Alternations 

Kudurcd. 




SSpecitic Tenacity. 
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as quoted on p. of the Tenth Report, apply equally to the present 
series. The results are contained in Table 11 (paj^e (ill. 

Hardness Nu^^rbers, 

i 

The hardness niini'’jcrsof the alloys from HI to 1112, see Table 5 
(pa^e 46), have been determined bothbythcRrinell and Schv'oscope 


Fin. SI. —Sped tie Tenacity. 


A-inch diameter T\,od. irot-llollod. 



methods, the tests being made on transverse sections of hot-rolled* 
rods 1 1 inch d iann^er. The Brinell tests were made with a 9 • 52 mm. 
batl »nd a load of 1,000kg., whife the Scleroscope readings were 
obtained Vith tlu'- universal hammer. The results are shown in the 
graphs of Fjg. 40 ([Hiige 65^, The results shown in that Figure afford 



[Stress in tons per sq. iiich.l 


Extension. 



Stress in tons per sq. inch. 
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interesting comparison with the results of a simijar series of tests 
nitide on samples of the same material aftei tot? years’ ageing, 

Fia. • 



0 5 10 15 20 25% Zn 


which are given in the section dealing particularly with that subject 
Section iy(a), (p. 155). 

Microstructure of the Alloys, . 

The microstructures of these* alloys present no very staking 
features, ollierjthan those already met with in the alloy^ ©f zinc 
and aluininium, with the exception that the presence of the copper- 


Scleroscope. 
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aluminium compound, CuAl^, makes itself felt by the presence of a 
dark etching coiiutitucnc. The study of the equilibria of the ternary 
alloys, as described in Section V., p. 196 of the present report, 
indicates that the copper compound in quantities corr spending 
to 3 per cent of copper should, in equilibrium, disaj)pe£./ from the 
microstructure, passing into solid solution in the aluminium. As 
actually manufactured, however, the alloys always show the presence 
of the dark-etching copper compound. The structures actually 
met witli are illustrated in the four micrographs of Plate 4. Figs. 
41 and 42 relate to alloys containing 5 p(‘r cent of zinc and 1 
per cent and 3 per cent of copper respectively. The increase in tlie 
amount of the dark etcliing constituent in Fig. 42 as compared 
with 41 is evident. Similarly Figs. 43 and 44 relate to alloys 
containing 20 per cent of zinc and 1 per cent and 3 per cent of 
copper respectively. All the micrographs are shown under a 
magnification of 150 diameters. 

Further'' Study of Selected Alloys. 

The material obtained as the result of experiimmtal rolling 
described above, and the results of tests made upon that 
material, furnished the Authors witli a series of data which 
clearly indicated the existence of an important and promising 
group of alloys of the ternary system, copper-zinc-aluniinium. In 
many cases the material in question was not entirely above suspicion 
as regards its quality from the rolling point of view, and only 
occasional billets of some of the alloys had been successfully rolled. 
The results as they stood, however, were sufficient to indicate that 
the harder alloys of the group, such as 3/25 and 3/20, possessed very 
remarkable properties, combining ^ith a reasonable degree of 
ductility a specific tenacity quite as high as, or even slightly higher 
than, that of the best aluminium alloys available at tRat time.* 
These copper-zinc\aluminium alloys possess the further advantage 
thitt ^ey require no heat treatment, such as quenching and ageing, 
in ordef to devebp their best qualities. It was also hoped from 
th^ outset that one or qjlher of these alloys might form tlie basis 
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for further advance by the addition of other elements. Experimental 
billets containing various added elements in quantities of 1 per cent 
and notably a set of billets containing | per cent of magnesium had 
been prepared in the course of tlie preliniinary "vork, and an attempt 
had been m^de to roll them at Milton. Wj^h the exception of a 
billet containing 1 per cent of iron, however, all these experimental 
materials broke up completely in the rolls. The Authors, none the 
less, felt confident that this early failure resulted from causes which 
could be overcome by a careful systematic study of the alloys and 
of the methods to be employed in rolling them. In spite of the fact 
that they were assured by some of those most conversant with the 
properties and behaviour of aluminium alloys, that materials 
containing as much as 20 per cent of zinc must be regarded as 
suitable only for casting, and that such alloys could never be 
commercially rolled, the Authors considered that more exhaustive 
study would enable them to overcome these difficulties. They may, 
perha 2 )s, be permitted to claim that their confidence in this respect 
has been fully justified by the results actually achieved. The 
fundaiiK ital face remained at the outset that on several occasions 
billets of these alloys had been successfully rolled, so that, provided 
the conditions which had accidentally occurred on those particular 
occasions could be studi(‘d and determined, systematic success 
should bi obtainable. 

Thanks to the installation at the National Physical ^Laboratory 
of a well-equipped foundry and rolling-mill specially designed for 
experimental w^-rk on light alloys, the Authors have been enabled 
to undertake tiio systematic study of the rolling of the harder alloys 
of zinc, copper, and nlLiminium, as well as of other alloys which are 
referred to in a latei; Section of this Report. As a definite rebulu 
achieved by this study, they art now able to report the development 
of a series of aluminium alloys, some of which possess properties 
which are as yc- mite unrivalled by any similar products developed 
elsewhere Not only have these alloys been developed and produced 
on an experimental scale in the Laboratory, but their produtition 
has been suf,oe8‘’fully transferred to a full-scale plant operatin| under 
industrial conditions, and successful production in that, plant has 
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been rapidly and easily acliieve^^ on the basis of "the Jesuits already 
obtained at '^eddin^^ton. In addition to t’lie development cfi a 
definite series of alloys, a large amount of valuable informatTon has 
been obtaiiK'd in regard to ,thc g(*ner/il problmns of rolling some of 
the more difficult all ij's of aluminium, and incidentally also in 
regard to their behaviour on casting. , ^ 

The systematic work in question, although rendered possible by 
the special and almost unique equipment which was })laced at the 
Authors’ disposal for the jmrpose, was carried out under war 
conditions which in many resjiccts very much retarded its progress, 
the systematic work being frequently interrupted to allow of the 
solution of other problems which appeared to btt more immi'diately 
pressing. The amount of work actually carried out was, however, 
very large, and within the scoi)e of the present Report it is not 
possible to do more than to record it in very brief outline. 

The Experimental Foundry and Rollmg-Mill, 

The experimental fA'undry where the nu'ltiiig and casting of all 
experimental alloys has been carried out, occupies a floor space of 
60 feet by 27 feet. A 'general view of the interior is shown in 
Fig. 45, Plate 5. The metal-melting furnaces, which include one 
natural draught furnace of the Richmond type, a blast-driven 
injector furnace by Fletcher Russell, and a mould-heating stove, 
0 Qcui)y a trench which is covered over by a steel grating in such 
a manner that the^top openings of the furnaces are flush with the 
floor. The remainder of the foundry is occuiued by recuperative 
gas-fired furnaces of a larger size, and by electrically heated furnaces. 
The ex])erimental meltings of aluminium alloys have usually been 
f'.arried out in the Richmond natural draught furnace. A 
pyrometric outfit is provided, whf^reby the temperature of the 
metal, both during melting and prior to casting, can be determined. 
There are also electrical connexions to the accurate temperature- 
njeasuring apparatus situated elsewhere, in the department. 

The moulds employed for casting material intended to be used , 
fqr fofging and*rolling, are either circular cast-irom chills, 3 inches 
diameter and 19 incdics Tong, or slab moulds of various sizes ranging 
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from 12^mclios by 5 iiicbcK by f inyli thick to :,}icaeft by 7 inches 
b} JA inch thick. In connexion with the ( dsting of the larger 
slabs, Vhere it was found desirable to tilt the mould during 

ft 

pouring, a'^sj)ccial mould-tiltbig niach^Tic has been designed, the 
actual construction having been carried ov^ at the Cardington 
Airship Works. This appliance, with a slab mould in place, is 
shown in the photograph Fig. 46, Plate 5. 

A general view of the experimental rolling-mill is shown in 
Fig. 47, Plate 6. It consists essentially of a pair of housings capable 
of accommodating a two-high stand of rolls measuring 30 inches in 
width and 15 inches in diameter. Originally two sets of bar-rolls 
for breaking down and finishing, nvspi'c.tively, liaving a “ Gothic ” 
section were provided. Subsequently a set of bar-rolls having 
approximately circular grooves wore also provided, as well as a set 
of breaking down and finishing rolls for sheet rolling. By means of 
the travelling crane and some special appliances, roll changing is 
considerably facilitated and can be carried out in approximately 
two hours. The rolls arc driven throujli Mie usual tumbler joints 
and geaiing by means of rope drive from a 60 H.P., D.O. electric 
motor, which is, however, capable of 'withstanding 100 per cent 
overload for a short time. The rope drive from the motor goes 
through a 7J-ton fly-wheel 8 feet in diameter. The (‘lectrical power 
for driving this mill is derived from a large storage battery. This 
form of drive was adopted because the local power sujqdy company 
declined an experimental rolling-mill as a load on their ordinary 
lighting circuit , it has, hower^T, the very great advantage that 
by varying the voltage applied to the motor, the speed of the mill can' 
bo regulated in an} desired manner, and switchboards for this 
purpose are provided. In this manner the linear velocity of th6 
rolls can be varied from 50 fe%t to 200 feet per minute. 

One point which required special consideration in an experimental 
mill of this kind rV'as the temperature of the roils themselves. -In 
regular industrial working, the rolls attain a steaefy and fairly high 
temperature, when hot-rolling is being carried out, simply hf the 
supply of hcat'^'which they receive from the slabs t)r billets* whjph 
are^pjssed through. In ,in experimental mill, where #nly a few 
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piooos are rolled ^iiy one timp, it becomes necessary to beat the 
rolls to a suitaole temperature before rolling is comiucnccd. The 
arrangcMiient finally adopted for this purpose consists of two rows 
of gas-burners, which can by tomporf^rily j)la<ied so that the flames 
play on the rolls \vhilq,thcs(‘ are slowly revolv^ed. The oenipcrature 
attained by the rolls is measured by means of a thermometer inserted 
into a small hole drilled into the shoulder of the roll about 0*5 inch 
below the surface. The arrangement is shown in place with a pair 
of grooved rolls in Fig. 48, Plate 6. 

In addition to tlic rolling-mill projier, the building contains 
several other appliances, im-ludingan electrically-heated pre-lieating 
furnace. A general view of this furnace is shown in Fig. 49, Plate 7. 
It consists essentially of a steel tube, 12 inches in diameter by 7 feet 
in length. This is heated by a resistor formed of nichrome ribbon 
wound upon the steel tube, a layer of micanite being interposed. 
The whole is insulated with magnesia bricks and contained in an 
iron-framed box, sheeted with uralitc. The windings are so arranged 
that various sections can be connected either in series or parallel 
as may be desired. In order to minimize the cooling effect of the 
ends of such a furnace, tic stoppers which are used for closing the 
ends are also provided with electrical heating coils, Fig. 50, Plate 7, 
and in this way a remarkable degree of uniformity of temperature 
within the furnace is achieved. This furnace w^as constructed in 
thy Laboratory in 1915, and has served for the whole work of the 
rolling-mill in regard to liglit alloys for over five years. A total of 
well over 1,000 heats have been cafl'ried out in it, and the furnace 
lias so far required no repair or attention at any time. It runs at a 
temperature of 400^^ C. with a current consumption of two kilowatts, 
lAit a larger current consumption is required while the furnace is 
being heated up. A much smaller fufnacc of somcwJiat similar type^ 
but capable of heating only one billet, is also provided. ^ 

Particular attention was given to the exact determination of 
temperature ot billets and slabs when heated for rolling purposes 
in tFe electric pre-heating furnace. The ideal method in every 
oa8,o would be insert a thermo-couple in a smaH hole actually 
drilled in ijie billets or slabs being heated. This, however, is ^ot 
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possible owing to the damage to tlie slab or billet vdiicli would be 
caased by sucli a hole. The plan adopted wan therefore to charge 
into the furnace, together with tlTe slabs or Ipllets under experiment, 
an exactly similar slab or bibet speciaij^v prepared and kept for that 
purpose, which was })rovidcd with a suitablg hole for the insertion 
of a thermo-couple. Since the temperature of the whole furnace 
was kept very uniform, never varying by more than 10'’ C. from one 
end to another, it was sufficiently exact to assume that the dummy 
billet or slab would rise in temperature at approximately the same 
rate as the others charged with it, all being cold when first introduced 
into the furnace. This method has proved very satisfa( tory and has 
allowed of the exact control of the temperatures of billets when 
used for forging or rolling. 

The additional appliances available include in the first jilace 
a small forging press capable of exerting a maximum pressure 
of 80 tons. Although Gorging by the press has not proved very 
satisfactory, this appliance has none tim less proved particularly 
useful in the straightening of bars afld ®ther obje(‘.ts which are 
liable t > become bent during rolling. 

For purposes of forging, two power-hammers have been installed. 
The first one installed is a belt-driven hammer of the oscillating- 
spring type. This has proved extremely useful and the great bulk 
of the w ork described in the present Eeport has been forged with 
this implement. It has, however, proved to be somewhat insufficient 
in V eight and power for the larger slabs and billets which have had 
to be dealt w.t/h. More recently, a second and somewhat more 
powerful pneumatic forging-hammer has been installed. This was 
purchased by the Laboratory, at a specially reduced price, from the 
late Professor A. K. Huntington at a time when the latter was 
dispersing the equipment ofMbhc former metallurgical department 
of King’^ College, University of London. 


Production of Liyh^ Alloy Bars and Rods, 

After prekminary work on some of the softet and mofe easily 
rolled alloys, a systematic endeavour w&s made to rpll billets of 
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the alloy “ E (3/25 ) into bars and rods. Although the Authors had 
become awarc^ tliat preliminary forging appeared to be ncccss?.ry 
for the successful rolling of the harder aluminium alloys they power 
hammer was not yet available when this work was c/'jmmcnccd, 
and initial attempts Aj^ere made at forging under the t press. The 
results obtained however, were very variable and unsatisfactory, 
although some fifty billets 3 inches in diameter of the 3/25 alloy 
were employed. A number of other devices were also tried, including 
variation of the working temperature from 100° C. down to 325° C., 
as well as variations in the speed of rolling, at the breaking down 
stage, from 45 feet to 180 feet per minute. Variations in the 
severity of pinch were also tried but did not succeed in eliminating 
the serious cracking which always occurred. Prolonged annealing at 
a temperature in the neighbourhood of the solidus of the alloys was 
also carried out on a batch of billets previous to rolling, but again 
no marked success was obtained, and only a few rods, 1-3/8 inch 
diameter, w'ere successfully rolled. 

In view of the circu/nstanccs that the production at an early 
date of a satisfactory light alloy was at that time regarded as of 
urgent importance, the Authors considered that although the alloy 
“ B ” (3/25) should ultimately be found capable of regular satisfactory 
production, the problem appeared to be too lengthy and difficult 
to be pursued at that time. Comparison of the available data 
showed that the distinctly softer alloy containing copper 3 per cent 
and zinc 20 per cent (alloy “ A ’') wouljl fulfil most requirements at 
least as well as the harder and slightly heavier B (3/25), and 
attention was thereafter concentrated upon the development of 
the alloy “ A ” (3/20). 

s 

III (h). Development of Alloy ‘^4 ” (3/20). 

Between 28th June 1915 and 10th March 1916, attei^tion was 
devoted to the production of rolled rods from 3-inch billets of the 
d/2^ alloy, and more than one hundred billets were cast and rolled. 
Satisfactory breaking down without surface cracking was achieved 
an(^ su<?cessf ully demonstrated to representatives of the industry 
interested i® production of light alloys. In the earlier stages 
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of this work, the attempt was made to roll billets of this alloy 
without preliminary lorgirig, but the results were no? encouraging. 
As soon, therefore, as trie power-hammer was available, cxp(‘riments 
on forging tmder the hammer were earned out. It was found that 
at temperat^ares between 350° C. and 400°5C. the billets would 
stand a moderate amount of forging without cracking. At first 
this forging was attemptcid by using blows distributed over the 
whole of the surfae.e while the billets were held in heavy tongs and 
rotated about their axis. Forging in this manner was found to 
produce cracks and splitting at the ends, and in subsequent work the 
billets were not rotated during hammering. Blows were distributed 
from end to etui, the. bilhd- being moved parallel to its axis. Ihe 
billet was then turned through 1)0”, and an equal number of blows 


Fig. 51. 



applied in that direction. Satisfactory forging was obtained 
by this means, and the amount of forging was then carefully 
regulated by the use of saddle-shaped gauges, of the shape indicated 
in the sketch ""‘ig, 51. In the method finally adopted, the 
amount of ledintion n implied by forging lay between 5 and 10 per 
cent, and the billets were forged to an octagonal section in two 
stages with intermediate reheating. 

Although the forging operation was successful in itself, that is, 
it did not^lead to immediate crackin gof the billets, most of the 
billets thus treat ^ cracked seriously during breaking down in the 
rolls, Th'‘ results obtained weye inconsistent, satisfactory and 
unsatisfactory rods being obtained indiscriminately. Attention 
was then given to a number of factors, which, it was thought, Inight 
affect the result. These included questions of the quality of the 
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metal used in making the alloys, the severity 'of the pinch, speed 
of rolling, and th(i use of higher temperatures, such as 400° 'S. in 
forging. Variation of these factors produced no improvemenCnor did 
mioros('.opic examination of the billets as cast, and afttjl* forging and 
rolling, throw any light on the difficulty. The view \Vas, therefore, 
thrust upon the Authors that the source of the trouble probably 
lay further back, namely, in the casting operation. Very carefu' 
attention was, therefore, given to the method of casting the billets 
in the foundry. 

Careful examination of the billets as cast, and at an early stage 
of the rolling when cracking had commenced, led the Authors tc 
suspect that surface defects in the castings, giving rise to weakness 
of the skin, led to the development of cracks during breaking down, 
Tfie effect of forging appeared to consist to a large exltmt in closing 
up and obliterating th(‘sc surface defects, but if these were at all 
serious the amount of forging which was applied was obviously not 
sufficient to avoid consequent cracking. Careful study was, therefore, 
devoted to the questioA of*'produc/ing bill(d.s free from surface defects. 
This was ultimately achieved by adopting a m(*thod of pouring the 
liquid metal into the mo^dd as slowly as was possible without leading 
to the formation of cold shuts and other defects. For this purpose 
the billet moulds were tilted to an angle of about 45° to the horizontal 
and the molten alloy was poured in as a slow stream. The object 
of this procedure was to maintain in the mould at any one time as 
shallow a layer of liquid metal as possible, the rise in the liquid 
metal being arranged to take plaie at about the same rate as the 
solidification of the alloy. Pouring in this manner results in the 
practical abolition of all shrinkage cavities and largely avoids the 
•necessity of “ following up.” The adoption of these methods, 
coupled with the use of moulds at a relatively low temperature 
(100° C.), brought about an immediate change for the b<jtter in the 
behaviour of the^billets in the rolling-mill. 

^ Subsequently further modifications i n treatment were invest! gated. 
These included first, annealing the billets after forging and before 
bfeakmg dowif in the mill at as high a temperature as possible 
short of incipient fusion (about 510° to 520° C.). In some cases 
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this treatment^ wiis applied bctwcokii the firril jind jecbnd forging 
op&i*ations. ^The object was to remove as completely as possible 
the coring of the solid ^solution crystals in the cast material, and to 
bring aboift the absorption 9 ! the fi;fe compounds, particularly 
CuAU, into '\he solid solution. Microscope examination of the 
billets so treated showed that the greater part of the compound 
CuAl^ had passed into solution, and that vigorous grain growth had 
taken place. Photo- micrographs illustrating this effect are shown 
in Figs. 52 to 54, Plate 8 . Fig. 52 shows tlic material as cast ; 
Fig. 53 shows it after forging and annealing at 400'^ V. Fig. 54 
shows the structure of the billet after forging and annealing at 
400'’ 0., and further drastically annealed at 5(XP to 52tP C. All 
these photomicrographs arc under a magnification of 150 diameters. 
It is interesting to note that hardness tests (Brinell) show no 
increase of hardness consequent upon the absorption of the compound. 
It was hojjcd, by obtaining in the forged and annealed billets a 
microstructurc very similar to that of the rolled bars, that a 
considerable increase in ductility of the i^iat^rial would be obtained. 
UnfortiLiately, this treatment did not produce the desired effect. 

The use of a lower breaking down temperature (300° C.) was 
then tried, but no improvement was found. 

Finally, completely successful results were obtained by increasing 
the amoent of forging and employing a higher forging temperature 
(400° 0 .). This modification of the treatment was coupled wijh 
intermediate annealing between the first and second forging operatioas 
and final annealiiig for one hour at’450° C. before rolling. In addition, 
it was found necessary to keep the rolls thoroughly well lubricated. 
This latter precaution was essential, since it was found that dry 
clean rolls allowed the hot aluminium alloy to seize in contact with 
the roll surface, and when this occurred the billets were split in half 
and curled around the rolls instead of being formed into bars. 

It was found that when, by the methods ]ijpt indicated, the 
billets Lad been broken down and rolled into rods If inch or in|jji 
diameter, there was no difficulty in rolling these rods furthSr to 
I inch diametef or smaller. For this purpose it wa 8 only necessery 
to re-heat the rods as nroduced from the breakinrr down nrocess 
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to a tciiipcratnrc in the neighbourhood of 400° 0. ; at tliat 
tcmj^craiure they could he rolled to any desired extent, high Sjf>eed 
and heavy pinches being employed without fear of prodiunng cracks 


Phjjsical Pro}>eHics of Alio tj “ A ” {Rods). 

The results of tensile tests on Hot-llolled itods of Alloy “A’ 
(3/20) in various sizes are given in Table 12. 

TAJU.E 12. 


Diameter 

Yield Stress. 

Ultimate Stress. ; 

lOlongation 

of Rod 

Tons per 

Tons per 

per cent on 

(hot-rolled). 

square incli. 

square inch, j 

2 inches. 

!■; inch. 

17*8 

25*4 

16'5 


17*7 I 

26*9 1 

18*6 


18-5 i 

! 

27-4 

18*0 

IJ inch. 





1G*2 

26*1 ! 

19*0 

1 inch 

16*"5 

r 

2G*1 

22*0 


The results given in this Table are in all cases mean values of at 
least two duplicate tests and really represent typical values taker 
from long scries of tests. It will be seen that the properties of the 
alloy do not vary very much with the diameter to which it has been 
reduced by hot-rolling, once the ingot, cast to 3 inches in diameter, 
has been reduced to a diameter of inch. In addition to 
the results of ordinary tensile tests as shown in Table 12, 
determinations of the Elastic Limit (Limit of Proportionality) and 
of the Elastic Modulus (Young’s Modulus) have also been made ; 
the Limit of Proportionality, in rod J inch in diameter wa§ found, in 
two different batches of the alloy, to lie at IP 8 and 13*0 tons per 
sf^uare inch. This value may be contrasted with the figure given for 
the • yield ” in tests on the same material above, namely, 17*7 and 
17;8 fons per ll^uare inch re8|)ectively. The elustdc modulus for 
this material was found be 9* 7 X 10® lbs. per square inch. The 
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results of other series of tests on Alloy “A” inpd form are given 

O '■J „ . f § 

in other eonncxions. 

Prod uct ion of Shed. 

) o 

The problem of breakingdown and rolling bjllets of the alloy “ A 
(3/20) into rods having thus been successfully solved, the question 
of tlic production of the alloy in the form of sheets was next attacked. 
In view of the fae-t that for many of the most important uses of light 
alloys, tliosc materials are required in the form of sheets or of strips 
suitable for forming into angles and channels of various shapes, this 
problem assumed very considerable and urgent importance. 

I'he first systematic work on the production of sheets was done 
on a series of chill cast slabs measuring 5 inches by 12 inches by 
-J inch thick. In accordance with the experience already obtained 
in the treatment of billets intended for the production of rods, these 
slabs were subjected to a preliminary forging before rolling. This 
was done at 4:00"^ C and comparatively light blows were used, 
giving a reduction in thickness of 10 perVeuiA, which was the largest 
amount ^jcrmissible. For rolling, the forged slabs were pre-heated 
to 350“ C. and later to d00“ C,, while the rolls themselves were 
heated by means of gas-burners to a temperature between 75° and 
100° C. This pre-heating of the rolls was intended to minimize 
the chilling effect of the large mass of cold iron on the small slabs. 
In industrial practice, the rolls would become heated to a moderate 
temperature by constant contact with a succession of slabs. 

In the earlici stages of this ^ork the slabs were merely rolled in 
one direction, but later it was found necessary in order to secure 
greater ductility in the transverse direction to employ cross rolling. 
In spite of the prevalent opinion that cross rolling of aluminium and 
its alloys is not feasible, this pAcedure gave excellent results. 

The p jncipal difficulty met with lay, much as in the case of rod 
rolling, in tlie Ouc irrcnce of surface and edge cracking. In addition, 
low ductility, particularly in a transverse direction, was also 
encountered. * 

The surf act cracking was again directly trac<*able to Casting 
defects in the slabs. Observation showed that whereyer a slab 
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showed defects, such as those arising from “ drawing,” cracking 
immediately fesulted. By adaptation of the methods already 
devised for the successful casting of hilleds, slabs having s.aooth 
bright surfaces were produced, withtlic resuro that surfece cracking 
and edge cracking were practically eliniinatiid. 

The low ductility found in the rolled sheets as first produced was 


TABLE 13. 


“‘No. 

Yield stress. 

Tons per 
square inch. 

Ultimate 
stress. 
Tons per 
square inch. 

Elongation 
per cent, on 

2 inches. 


Early material showing low ductility. 


W220 

0*0C7 

16-1 

28-7 

9 

219 

0-073 

23*4 

29-4 

9 5 

220 

' 0-035 

25-8 

30-3 

7 


Material from slabs rolled without crossing, showing low 
transverse ductility. 

W250 

1 0-125 *L 

1 

19-1 

26-3 

16 


: fT lo-o 

25-3 

6 


Later material from forged slabs employing cross rolling. 

W303 

0-051 *L 

lC-4 

28-0 

18 


tT 

21-3 

290 

16 

310 

0 056 ♦L 

17-8 

28-8 

20 

; - 

IT 

:6.f 

26-9 

15 


* Longitudinal. t Transverse. 


traced to cold work which was put u^>on the metal during the rolling 
owing to the fact that the whole of the operation was conducted at 
too slow a speed, allowing the metal to cool down too* far. By 
increasing the spewed and by limiting the amount of reduction applied 
])5t'ween successive reheating, satisfactory ductility was obtained. 
A seriis*of typical test results illustrating the various stages of 
progress which liavc been briefly outlined above are given in 
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Table 13. The development there indicated represents the progress 
mado as the result of casting and working about 30 slaos of the size 
named. ' * 

Once a siv^b had been satisfactorily broken down from the cast 
and forged condition into a blank of about o^e-half the original 
thickness, no further difficulty was experienced in rolling such blanks 
down ‘to sheet or strips of any desired gauge;. The small size of slab 
employed, however, did not permit of tlie production of sheet in 
sufficient lengtli for practical purposes, and as it was feared that the 
use of larger and thicker slabs might introduce difficulties of an 
entirely different nature, it was thought necessary to carry the work 
further and to study the casting, forging and rolling of larger slabs. 

The size of slab adopted measured 7 inches by 14 inches by 1 J inch 


55 . — Slab Mould with V-Shaped Groove. 



Half-size 
Section of 
Groove. 



thick. The satisfactory breaking down of these thicker slabs proved 
a much nu re difficult problem. In the early stages cracking of the 
surface and edges was encountered to a far greater extent, and work 
on some fifty or sixty of these thicker slabs was required before 
these difficulties oould be overcome. The main difficulty resided 
in obtaining thoroughly satisfactory castings. The fact that the 
condition of the surface layt^rs of the cast slabs was largely responsible 
for cracking which occurred during breaking down was shown by 
results obtained in forging and rolling two slabs wliose cast surfaces 
had been removed in a planing-machine to a depth of approximately 
J inch. After fi ^mng, these macliined oiabs gave practically perfegt 
rolled blanks. 

In order to overcome the casting difficulty, various mechanfcal 
aids were tried. The most successful of these was the provision 
of a small V"Shaped groove cut from top W bottoLi at oi^e side of 
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tlie slab mould as indicated, in the sketch, Pij^. 55, which shows 
a liorizontal section throuf^h the mould, 'while the V gro^e is 
shown at the side half full size.' The small V-shaped riinnfir which 
is thus left on the edge of the slab must, however'^ be removed 
before the slab is f/irged <jr rolled. If this is not done, the small 
portion of projecting metal remains in the weak and brittle condition 
as cast and is unaffected by the earlier stages of forging and rolling. 
It is, therefore, unable to accommodate itself to the extension of 
the slab as a whole and leads to very serious cracking. 

Wlien by these means, together with careful attention to casting 
detail, satisfactory slabs had been obtained, it was found possible 
to break them down into blanks practically free from defects by 
very slight modifications of the forging and rolling processes already 
employed for the smaller slabs. The further reduction of these 
blanks down to sheet of 18 gauge thickness offered no special 
difficulties. 

Cold Working and Spinning of Sheet of Allog (3/20). 

In spite of the relatively liigh strength and stiffness of “A** 
sheet in the hot-rolh'd condition, it was thought desirable to 
investigate the possibility of utilizing this material for cold working 
and spinning. At first very considerable difficulties were met with, 
but these have been overcome by the use of a special annealing 
.temperature which leaves this alloy in a very soft condition. 

Some early attempts at spinning this material were made at 
the Royal Aircraft Establishment (then the Royal Aircraft Factory) 
at Farnborougli. Only a limited amount of success was attained, 
>)ut the annealing temperature employed, 400° to 450°, was much too 
‘ high. Some of tlie .spinnings thus produced, after a sJiort period 
of storage, spontaneously developed cracks. This behaviour is 
in accord with what is now known to be typical of tjiis material 
in regard to season cracking when it has been annealed at too high 
^ temperature (see page 175). 

*“10 order to arrive at the best conditions for cold working of alloy 
‘i A’^ (3/20) sScet, a series of cold-rolling exjKuimwits were carried 
out. A ^rip 3J inches wide by 4 feet 6 inches long of the hot-rolled 



Tons per sq. inch. 
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material was emplcjcd. Its initial thickness was 0* ll7 inch, and 
this, was reduced by tlircc sta^:es of cold-roili ii'j; with ^intermediate 
anneal. .9g t6'‘a final thickness o/ 0’048 inch (18 s.w.g.). The 
three .stages c.onsisted in r(‘duction from (u) 0*117 inr‘h to 0* 089 inch, 
(h) from 0*089 inch to 0*0()1 inch, and (c) from 0*004 inc.h to 



D-120 0*100 0 080 0*000 0*045 

Thickness of Sheet. 

0'048 inch At each stage a short length was cut from the strip 
and tensile tests were carried out on the material in the condition as 
cold-rolled, and otter annealing lor thirty minutes at temperatures 
of 260° (I, 350° C. and 450° C. respectively, followed by air-cooling. 
The results of the tensile tests ina*de on these samples as regafds 
ultimate .str»*ss eyid elongation are shown in the graph of Fig.^O. 
These results show clearly the superioiity of 250° C. as an 


!EIoDgatioii per cent on 2 inches. 
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auiK'uliii;,^ iciuporaiiire as compared with a liijj;lier temperature 
Bue.li a.s 450'’ 0., particularly in restoring the vliictility of coid wp,rked 
strips. It will he seen that annetding at 450" ('. leaves tne elongation 
of the thiniKT stri]) jirac-tically unaffected, wliih* annealjng at 250*^ C. 
restores the elongation to 19 and 22 per cent respect* vely. 

TABLE 14. 


! 


I Reduction. 

I (Actual thick- 
j nes.s of shoot), 
i luclios. 


A'ield stress. 
Tons square inch. 


Cold- ' Annealed 
Rolled. 260 ^C. 


Ultimate stress. Elon<^ation per cent. 
Tons square inch. on 2 inches. j 


Cold- Annealed Cold- Annealed 
Rolled. 250' C. Rolled. 250" C. 


Intermediate annealings at 250" (’. 


0‘119 

to 0-H8 1 

29*1 

13-4 

29-9 

23-9 

10 

19 

0-08H 

to 0-65 

24-2 

13*1 

25*2 

- 

10 

20 

0*05 

to 0*50 

24*9 

10-3 

25-0 

23*8 

10 

20 

0'60 

to 0*36 


12-7 

28*3 


0 

18 

0*3G 

to 0*30 

24*1 

12-5 

fi 

2G-2 

23-8 

10 

16 

0-30 

to 0*22 

27*5 

11*4 

28*2 

22*9 

4 

14 



Intermediate annealings 

at 450" C. 



0 122 

1 to 0-9:3 

26-8 

10*7 

28*2 

23-7 

9 

17 

0-U3 

to 0*05 i 

28-3 

10-2 

31*2 

23-3 

9 

10 

0*65 

to 0-49 

24-2 

ll-H 

30 *8 

(• 

22-9 

7 

8 

0-40 

to 0*37 

28-^4 

20*6 

31-9 

30*2 

4 

4 

' 0-37 

to 0*28 

29-4 

141 

32*2 

1 22-3 

4 

7 


The advantage of using an annealing temperature of 250° C. 
as com})ared with 450° C. has been further cstablishecf by a series 
of tests made on samples taken from hot-rolled strips which had been 
^Bu4}jectcd to cold-rolling in frogressive stages amounting to a 
25 }#r*cent roiluction in thickness at each stage, with intermediate 
annealings of thi t ty mmutes at 250° C. and 450' C. respectively. The 
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results of tensile tests made on samj^les taken at su'^*e|ssivc stages 
are ^ ’^own ju Table 14. It will be seen tliat with annealing 
at 450° C. the material liardcns up very quickly and ductility is 
not fully rcstured between stag'^s of cold -rolling. It is interesting 
to note, howc\ ^r, that cold-rolled and anneaL'^ material does not 


jj^iQ. 57 . — Tensile Tests on Annealed Cohl-I lolled SJlccI. 



attain to the comijination of tensile strength and elongation which 
can be readdy obtained in hot-rolle<J material which has never beeru 
subjected to cold work. 

The results above described have been further confirmed by the 
production of actual cup-shvipod spinnings of the alloy “Ai’ (3/20), 

G 2 


'Bloncration Der cant on 2 inches. 




8d ALLOYS 11 ESi4rCH. 

using aiihcjjliiig at ‘iSO"" C. The spinning itself was readily 
accomplished and spinnings made in this way liave proved Ao be 
cntiri'ly stable, several examples having remained ])erfectry sound 
over a period of four years ^ 

Some further terts have been made to determii.*' the effect of 
annealing at still lower temperatures than 250° C., and somewhat 
remarkable results have been obtained. These arc indicatea jn 
the graphs of Fig. 57, which show that a stnall amount of softening in 
cold-rolled sheet becomes apparent after tliirty minutes “ annealing ” 
at UK)° while a tem])erature of 180° C. brings about the maximum 
amount of softening, leaving the material with an extension on 
2 inches of as much as 29 per cent and a tensile strength as low as 
19 tons per square inch. It is ])articularly striking to find that 
annealing at slightly higher temperatures does not produce so great 
an amount of softening. 

Production of Very Thin Sheet, 

The gr(‘at possibilities of the alloy ‘‘ A (5/20) as regards working, 
are well illustrated by the success which has been obtained by rolling 
it into very thin sheet. ,The object aimed at was to test the possibility 
of utilizing very thin sheet metal, of low specific gravity, as a 
substitute for doped linen fabric for the covering of aeroplane wings 
and similar purposes. The weight of such fabric is of the order of 
about Jib. per square yard, and alloy “A” would have to be reduced 
to a thickness of not more than O’ 0035 inch to be of equal weight 
per square yard! If such material had an ultimate strength of 
25 tons per square inch, it would be from three to four times as 
strong as the best doped fabric. 

‘ The difficulty of producing such very thin sheet in an experimental 
rolling-mill, intended for the breaking down and rolling of much 
thicker jnaterial, was realized at the outset, and the co-operation 
of several firms having special rolling plant was therefore secured. 
These firms, however, obtained little or no success in their endeavours 
t<t treat tliis material, althougli ultimately the British Aluminium 
CoTfliiHiiy at*tlicir Warrington Mills succeeded in rolling a strip 
of this jilloy 7 incheS wide, down to a thickness of 0*0025 inch, 
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produring a material of very beautiful finish and ^i^rfectly flat. 
For j "•actical iise, however, vey much wider stri]) would be required, 
the minimum beinj; about 11 iueluis. A s’preially designed strip 
mill for rolling strips of this width, however, would no doubt lead 
to the steady |r:odn(*tion of t he material as n'qul-ed. 

Meanwhile, the problem of juoducing very thin sheet of the alloy 
*• A ” (3/20) was studied by nu'ans of the experimental rolling-mill 
at the Laboratory. It was soon found that hot-rolling in thes(i very 


Fio. 58. 

Scale. — Quarter full size. 



thin sections was imj)racticable, and cold rolling with annealing 
was therefore tried . N» » groat difficulty was experienced in reducing 
the sheet to a thickness of the order of O’ 01 5 inch. Beyond' 
this, however, very great diliiculty arose apparently from the 
springing qt lifting of the rolls. Wh'^n attempting to reduce the 
thickness below u 015 inch, the rolls, wdien idle, raq, in close contact. 
Even with the adjusting screws hard down, however, there w^ 
sufficient movement to render further reduction very slow. Jart 
of this deflection was no doubt due to actual elaslic springing of 
the rolls themselves, partis ularly at the neck, but it was ev^ent that 
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a good dealy^of, displacement ‘took place owing to the insufficiently 
rigid manner in which the roll bearings were held in the h^vftings 
by means of the screws and blocks j)rovided. These screws and 
blocks were, therefore, tci,Mporarily^ rejdaced by two ciCst-iron blocks 
and two mild steekiwcdges in the manner shown di^grammatically 
in Fig. 58, The use of this rigid arrangement pressing down 
on the bearings of th(^ rolls, naturally caused considerable heating.*' 
In th(‘.se circumstances, therefore, the mill could oidy be run for a 
short time, and had then to be allowed to cool. 

This arrangimient led to further jirogress, althougli at thicknesses 
below 0*00‘.) inch it was not possible to obtain more than a reduction 
of from 0’(X)1 inch to 0*002 inch in any one stage without reannealing. 
The number of passes ]>er stage was even then of the order of twenty. 
Further, the greatest care was necessary in ki'.eping the rolls jierfectly 
chian and well polished, as a ])atch of oil or grease was liable to cause 
destruction of a length of thin sheet in a single pass. Another 
difficulty arose from the ‘‘ camber ” of the rolls, which had not 
been designed fordi^alfng with such thin material under high pressures. 
Fortunately, it was found possibh^, to some extent, to effect the 
necessary adjustment cf the roll diameters by means of the row 
of gas-burners used for pri^-heating the rolls for hot-rolling. By 
adjusting the amount of heat supplied to the central or end portions 
of the rolls, different amounts of thermal expansion could be brought 
^bout in these portions, with the result that the effect of a greater 
or lesser “ camber ” could be obtained at will. 

Ultimately, sheets of the alh>}^“ A ” (5/20) wore produced of the 
following dimensions, 12 inches wide by 6 foot long, thickness 
0*005 inch, and 6 inches wide by 15 feet long, thickness 0*0035 inch. 
• These were flat and free from edge cracks. The guidance obtained 
from the production of these very thin sheets in the experimental 
mill at the laborratory, subsequently enabled the British, Aluminium 
Company, at tjieir Warrington mills to produce the longer strip 
^Iready referred to. 

*The results of a scries of tensile tests on this very thin sheet are 
ojiown in Table 15, the tests referring both to the material rolled 
by the pntish Aluminiunj Company and to that produced in the 
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experimental mill at the Laboratory Tt will be ''een t^iai the alloy 
presL^'yes a jh^;h tensile strength when rolled down to those, very 
thin seotioir,. 

In view <TE the manner in which dojt'^d fabrics are damaged by 
biilh't wound, , it was necessary to test liow perforation by rifle 
bullets ^' ‘mld affect the strengtb and properties of these very thin 
alloy slieets. Kor the jmrposc of these firing tests, portions of the 
thin slu‘(‘t w<‘re stretch(‘(l on wooden franu'S and rill(‘ bullets wc're 

TAIiLE 15. 


j Yiek'' stress, 

' Condition. | Tons per 

; i square inch. 

' Ultimate ! t,, i 

strcKs. ' 

Tons per 2 inoUcs 

square inch. i 

Breaking 
load per 
1-inch j 
widtli j 

(calcu'iatod). 1 

Sheet 0*010 inch thick (British Al. Co.) 


' 116*5 

As .•eceivc'l 

! (l7-8 

1 

2G*5 8| 

26*6'^ » ?( 

! 595 

( 

i Annealed 250 C j 

! 1 |11*G 

221 111 

22*4 12) 

i 

; Shoot 0 • 005 inch thick (N.l ».L.) 


Anueale’’ 250' C | 

1 23-1 1 2 

1 - ; 

1 Sheet 0*0035 inch thick (N.P.L.) 


Ann.jaled 250^ 0 1 — 

1 23-0 1 

1 180 * 1 


i 


fired through them bof h at right angles to the surface of the sheet, 
and at an angle of 30®, The bullets were found to piuforate the 
sheet without producing any ripping or spreading of cracks from the 
actual hole. The holes themsel'^es, however, were not circular, but 
polygonal m shape, consistently eight-sided in the .iheet 0* 007 inch 
thick, and seven ded i n sheet 0 * 010 inch thick. Tlic metal appeared 
to have b( ' jn cut into a n amber of converging tongues, which were 
neatly rolled up behind the corresponding sides of the polygonal Sole. 
The appearance of these holes is illustrated in Fig. 59, *Pfato^ 8, 
showing slightly reduced views of a hole* from the entering and 

m • 
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exit sides, r<j.specUvely. The wholes are larger tlian the bullets, 
lueasiiriii" approximately (>‘5 ineh across from side to side^t]le 
biilli't us(‘d hc'iim MarlcVIT, S.A.A., <)• ;K)3 inoli diameter. 

I 

The effect of the hiilh't hples on tin* strength of test strips 2 inches 
wide, having the hol^^. in the centre of the width, w.;*s determined 
by ni(*ans of tests in a machine ordinarily used for t(‘sting^ fabrics. 
The results are given in Table JG. 

TABLE 16. 


Tmslle tests on iroundcd sheets specimens 2 Inches uide^ G Inches 
parallel, hnllet hole approx imately 0*5 inclt diameter. 

Hate of leadiny 200 //>. minute. 





l^roaking load on 2 inch 


Breaking load of 


width calculated from 


wounded shoot 


mean breaking load of 

Thickness of 

lb. 2 inches. 


wounded sheet, assuming 
a 0*5 inch diameter hole. 

sheet. 

Sheet us " 

Annealed 

Sheet as Annealed 


supplied. 

650" C. 

supplied. 250'^ 0. 

O'OlO inch 

602* 

692 



C75 

595 



Mean - 684 

Moan = 594 

912 792 

0;007 inch 

358 

307 



, 317 

333 

1 


^Xean — 353 

Mean — 319 

i 

i 


t The breaking loads of the 0*010 sheet per 2-inch width tested in 
the unwounded state were as follow!. : — 

Sheet as supplied 1 ,000^1b. 

Sheet annealed 250° C 975 lb. 

ft It will be seen that the strength per unit area of the material 
after beyig wounded by a bullet is not seriously diminished. This is 
in •striking contrast to the behaviour of a textiles fabric which has 
been damaged in a similar manner. 
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Rippimf Renalaiice. ' 

K (TV serious difticuliy wliic.li stands in the ay of tlic ap])lication 
of tliin sliest for sucli ])iirpos(‘S as a Toj)lane win^^ covering, is its 
relatively lo^f resistance to ripping. Altliougji the tensile strength 
of a thin nietiil sluu't may lx;, three, or four times that of a fabric, 
metal shee't can lie torn in the fingers much more readily than 
fabric. This differen(;e in behaviour appears to be du(‘- to the 
circumstance' that in a fabric the various fibres are capable of being 
dis]>laced and d(‘flected in such a manner that a number of them 
can (;om(‘ into at;ti()n in resistance to a ripping stress at the same 
tinn*. In fabrics wh(’r<' the fibres an' vc'ry lirmly held in position, as 
for instance, in certain dressed silks, ripping is very much easier. As 
is well known, such materials can Ix' readily torn, wliereas softer 
materials, like woollen fabrics, cannot be rtnidily torn. A continuous 
sheet of metal may lx; regarded as the extreme case of a material in 
which the fibres an' v('ry fine and very numerous and are completely 
attached to one another at every crossing point. Such a material, 
when ( eposed l-o a ripping stress, is torn step by step, and were it 
not for a certain amount of ductile yielding of the nx'tal, the actual 
shearing stress at the end of a tear would be infinite even for a small 
applied load. It is not surprising to find that resistance to ripping 
depends as much on the ductility as upon the actual strength of 
the metal. Whether this liability to rip is a serious disadvantage 
in the case of an aeroplane wing could be* tested in actual 
flight. Under war conditions, jagged rents might easily be made by 
projectiles. {Such rents ocemr in fabric-covered wings, but the question 
arises whether the >\'ind pressure on the projecting tongues of metal 
would be sufficient to cause the tear to sjuead by ripping. These 
are, however, ({lU'stions of a^Voplane design ('.nnstmetion to 

which no further reference need be made here. 

• 

Other Properties of Alloy (3/20). ^ 

• # 

T n th-' course of the Authois' study of the properties of the |illoy “A” 
(3/20), a very Vide rang(; of tests has been apjfiiecf to the matwial 
in a variety of conditi<iiis. In the maiority of cases, tli^ results of 
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these tests Iiav'e .only been of s^.^viee in indicating the sujjeriority 
or otherwise of certaiji methods of j)rod action and treatment + It 
is, however, desirabh*. to record tlie results o( certain of these tests 
at least, in or<ler that th(’. fulV‘st information regarding tlft'i properties 
of the material niiir^ be availabh;. The tests n<ade include 
com])ression, fatigiK' (alternating stress), and notched-bar ynpact, 
at ordinary and at high temperatures. 

a 07)1 press i o )i Tests. 

T\\ 7 ) S('ts of t('sts on rod have been made. In the first series 
th(‘- test-piee.(‘S W(M’e I inch diam<‘t(‘r by 2^ inches long, and 
were hi'ld in hobhu’s making struts G*2 inches long. The results are 
given in Table 17. 

TABLE 17. 


Material. | 

Elastic 1 
Limit. 1 
Tons per i 
square inch. 1 

Buckling 
Stress. 
3'ons per 
square inch, 

Modulus. 
Lb. per 
.square inch. 

Alloy*A (3/20). (1) Extruded. 


(K12) 2Jl;-iiich diameter . 

10-9 

130 

10-0 X 10" 

(Ell) ll-iuch diameter . 

90 

; 12-4 

9-SxlO'' 

(2) Extruded— Rolled. 


Je 12) li-inch diameter (from)! 

lO'l 

14'3 

j 

9-8 xlO*' 

i 

2-inch diameter (from 2^ inch) i 

11*5 

14-6 1 

9-Ox 10" 

1 (3) Forged and Rolled. 


!•(^V204) Ig-inch diameter (fromlj 
3-inch hi! lei) . . . 1 j 

10*G 

• 

12-G 

9*9xl0« 

(W20O) l^-inch diameter (froml 
3-inch billet) •. . ./! 

9-5 

13-2 

9*7x10" 

« 

1 Comparison Alloy (D). Extruded— Rolled. 


fEMI) l,LiDch diameter (from) 
2r-ipch) . ^ . . ./ 

*9-0 

! 13-7 

j 10*1 X 10" 

• _* i 

• 

9-2 

12-4 ' 

10-3x10“ 

i „ ' 

• 

-- 


s 
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Tile results given in tlie last two lines of this T^^hie, under the 
w^ing Comparison Alloy “ D,” are im-luded tor purposes of 
jrnparison. The alky in question correspcmds in composition and 
•eatment^to the well-known projirietary alloy Duralumin. 

Jn the scries of tests, the results , of which are given in 

able 18, 1 he test-pieces wore arranged to have a ratio of length 
) diameter not gn'ater than 4, so as to give true compression data, 
[ere the comparison material is mild-steel. 


TABLE 18. 



' Elastic 

1 square inch. 

Buckling 
Limit. 
Tons per 
square inch. 

Modulus. 
Id), per 
square inch. 

Alley “ A” (3/20). (1) Extruded. 


H ElO-2 inches diameter ^ 9*43 


9*5xl0'* 

Mild-steel . . . . j 9*4 

- 

31*Sxl0« 

. _ ' 





Some further data on the behavicur of alloy “ A” (3/20) under 
ompression are contained in Table 46 (page 152), which relates to a 
eries of liompression tests carried out at the Cardington Aircraft 
factory (now R.A.W.), on material in the form of channel sections, 
laving a thickness of 0*048 inch and a length of 6 inches. This 
[able presents a comparison of a whole series” of alloys, and the 
esults for the .Jloy “A’' (3/20) '■.re found in the. third line of the Table. 
This Table is more fully referred to below. 


Shear, 

The behaviour of light alloys in shear is particularly important 
n connexion with their use for structural purposes, and especially 
n the form oI rivets. Some misgivings in regivrd to this matter 
appear to have existed both in tlus country and abroad, since in^.he 
larlier rigid airship structure's the rivets were made either o^ pure 
duminium or of a very soft alloy. More recently "the suitatiliby of 
he harder alloys for thi ’ use has been recognized. 
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.Sh<\ar to.st!“,ou a'lloy “A” (3/20) have boon made l)otli on sbeet 
and on thin rod or wiro in tlic form of rivots. The tests on sh'^et 
wore made (in tlio l^nj^irioorin" Dopartnumt of the Lalmratory) 
l)y pimohin<j; out small disks/3 5 mm. in diamotor. Thr results are 
shown in Table 10. j 

The results in Tabh; 19 are in each ease the of 

six olosoly-agreoinj; determinations. O’he material used was a typical 
sample of alloy “ A ” in its best condition, tensile tests having shown 
Q.n ultimate stress of 27*7 tons ]>er square inch and an elongation 
of 22 ]jer c('nt on 2 inches. It will be seen, therefore, tliat the shear- 
strength of the material is appreciably low(‘r than the tensile strength 
but ev«m in shear it is still relatively very strong. 

TABLE 19. 

Shear Tests on sheets of Alloy 

] Thickness of sheet., ■ Ultimate Shear Strops. 

Tons per square inch. 

21*9 ! 

23-3 i 


0*048 inch ‘ 
C’OOl „ 


T(;sts on rivets were made by breaking actual riveted joints made 
with either a single rivet or with two rivets. The rivets used were 
made from cold-drawn wire which <vas annealed at 250° C. before 
use. The rivots were 0*063 inch in diameter, and gave ultimate 
shear stresses of 17*3 tons per*hquare inch in tests on two rivets 
ahd of 15*8 tons per square inch in a test on a single-rivet joint. 
These somewhat lower values, as compared with the results on 
sheet sliowii in ^’ablc 19, are accounted for by the fac^ that the 
material of the ri,vets had been anneah'd so as to render it as soft 
a^possi ble. Even in this condition, however, the rivets of alloy “ A ’’ 
(3/2^) are mucli stronger than the pure aluminium or soft-alloy 
rivats formerly employed, which gave shear-strengths, wlien tested 
in riveted joints, of only’? to 8 tons per square, inch. 
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Fatigue. 

fiitii^u(‘ k\sts on the pTcliiuinary matorial of tlio tornary 
alloys (loserilHMl abov^? in Section lit (a) were carri(‘(l out on the 
special niacjilne for tlie appli(*ation Ol altcrnatin*^ load in direct 
conipi‘ession''\uid tension which was at thfcJt time used for this 
purpose in the Engineering Department of the Jjaboratory. At the 
tilin' when rolled material of alloy “ A ” (3/20) became available for 
tests of this kind, the Engineering Department had adopted the 
Wohler ty))e of testing-machine for fatigue determination. Fatigue 
data on rolled-bars of alloy ‘‘A ” are therefore given as results of the 
Wohler tests. These determinations, taken both at the ordinary 
temperature and 150“^ Ll., are embodied in Table 45 (page 150). Ihis 
Table contains data for comparison of a whole series of alloys ii inong 
wJiich the alloy “A” (3/20) is included. This Table is more fully 
discussed below (Section Hi, c). 


Notched- Bar Tm])ad Teds. 

SiK e it has been recognized for some time, both by the jircsent 
Authors and others that the notched 7 bar impact test, in the 
present state of our knowledge, cannot be satisfactorily employed 
for the jmrj'osc of comparing the merits of materials of different 
composition and constioution, this test has been mainly employed 
in the present research for the purpose of studying the effect 
of different modes of treatment on the saiiie alloy. A scries 
of values fo a number of different alloys will be found in 
the present Jleport, but it is not considered that the various 
alloys can be reasonably comparechon the basis of these figures. 

Notched-bar impact tests have been made on different forms 
of the alloy “A” (3/20), and*variou8 forms of test-piec^c have been 
used, corresponding partly to the variations iia the form of the 
material, such ,s sheet or rod, and de^ionding alsjj in part uiuui the 
particul ii' tyjie of test-piece which had been adopted or was bmng 
tried by the Laboratory at the period when the tests were m^Tle. 

An early series of tests, carried out in April 1?^6, were ftiacje on 
test-pieces of the Charpy International tjfiie, having a cross-section 
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of 10 jHin. sf^,iaro iNitli a of 53*3 niui., and a distance 

botw(M*n supports of K) mni. The notch was 5 min. deej), haying 
a radius at the root .of § nini. The energy of blow used was 
2*7 kilogramnie-rnetres. Tlp^se tests were made on specimens cut 
from inch rod, roll(‘d from previously forged liilleii^/ 


Three te.sts gave the following results : — 

Energy absorbed in Fracture Anglo of Fracture 

(Kgm/M per p<|Uiire cm.) (Degrees). 


2-on 

2-28[ moan = 2*15 
2 *16 1 


11- 5 
17 -b 

12- U 


'hhe next scries of notched-bar impact tests on tliis alloy w(^re 
made in September 1918, for the jiurposc of ascertaining the effect 
on impact resistance produced by the cross rolling of alloys during 
the breaking down process. Th<*- tests were accordingly made on 
material taken from rolled jilate inch thick, which had liecn 
produced by hot rolling* aft6r forging from slabs U inch thick. A 
portion of this material had beem rolled down without crossing, 
while the remaining portkm had betm (;ross rolh*d. The test-pieces 
used from this material measured 5 mm. square in cross section 
and liad a V notch 1 mm. deep, with an angle of 90° and a root 
radius of f mm. The length of the test-pieces was 27 mm., and the 
distance between supports 20 mm. These were tested on a 
small impact testing-machine of the Charpy type, which liad been 
specially constructed in the Engineeiiing Department for the jnirpose 
of dealing with very small notc.lied bar test-piec.<‘s. The energy of 
the blow in this machine was 1*67 kilogramme-metre. The results 
afe given in Table 20. 

It will , be seen that these te^ts are, with one exception, 
remarkably regulapr. It is also evident that cross rolling ^mproves 
the quality of tl^s material quite appreciably. Not only is the 
nqjched-bar impact figure on a transverse test-piece very nearly 
douBted, but even the longitudinal test-piece is nearly 30 per cent 
betV^r m material which has been cross rolled. For the purpose of 
compansoi^ with the above figures relating to small test-pieces with 
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V notch, taken f.oin rolk'd phite, tlie results of a syiular test, on 
speciiuciis of the saiir diinonsions, cut from a ^-inch diameter rod, 
hot-rolled, 'may he quoted. Tin? showed an absor})tion of enerj^y 
of 0*53 aliduic which agrees very wdl with that from the 


TABLE 20. 


Condition of 
material. 


Direction of 
test-piece. 


Energy absorbed in 
fracture (Kgm/M.). 


I Cross-rolled. 

I 


Longitudinal 

0-82j 

>> 1 

0*83 Moan 0*85 


0-9o) 

Transverse , 

0-70| 


0-64 Moan 0 65 

„ 

0*7o) 


Longitudinal 


Not cross- rolled. ' ( 


Transverse 




0‘G4| 

0-51 Mean 0*59 
0-631 


0 ‘ 33 | 

0-34 Mean 0-35 
0'33) 


corr(.'.sj)onding longitudinal test-])iee.e from plate jiietal whiidi had 
also been rolled in om direction only. 

Influence of ImpuriHes on Alloy “A” (3/20). 

The influence ot im])uritie8 on a given alloy must be considered 
from two poi ds of view, according to their effect (a.) upon the 
manufacture of i-hc alloy, and (b) on the physical and chemical 
properties of the finished material. 

With regard i.o the effect of impurities on tlfc prodilction of 
the alloy “A (3/20), some reference has £.lready been made above 



{sec ])agc G7)^fco tbc failure during rolling wlilcli resulted from 
iiieorporation in the alloy or in other alloys of a similar type, of 
various iinpuiities. In those experiments, in fact, the only fullet 
which was successfully rolled was one containing 1 })er jjeiit of iron. 
Subsequent experience, gained throughout tlie long course of 
experiments on the ])roduction of this alloy, has strongly confirmed 
the conclusion that tlio })resence of impurities or small intentional 
additions of other metals immediately increases the difliculty 
in forging and rolling. This was experienced to a very striking 
(’xtent when a systematic endeavour was mad(*. to incorporate 
in the alloy per cent of manganese. The addition of a 
proportion of J per cent of this element was considered desirable 
on account of the beneficial influence which it undoubtedly exert.s 
in lessening the risk from spontaneous or so-called “ season-cracking,’* 
which is bablc to occur in the case of alloy A ” if it has been 
VTongly treated (-see below, pages 177 to 186). 

The presence of manganese, or of iron or similar added elements, 
whether as imjjurituvs o?’ a» intentional additions, caus(‘s brittleness 
in the alloy, iiarticularly in the; early stages of working, during 
forging and breaking down. This is no doubt due to the 
occurrence in the alloys of hard, brittle constituents, generally 
i liter-metallic compounds, which have only a very limited degree of 
solubility in solid aluminium, and therefore make their presence 
felt as separate constituents, even when the amount of the added 
elements is quite small. In addition to the elements already named, 
this applies particillarly to tungsten, molybdenum and chromium. 
Elements, on the other hand, which are capable of entering into 
solid solution in aluminium, or tjnter into the formation of a ternary 
eompound with aluminium and one of the other metals present, 
behave in a very different manner. In some cases these also 
materially increij^e tlie hardness or brittleness of the alloy. In 
other cases, on the other hand, their presence or addition actually 
renders the alloy more ductile and easier to forge and roll. This 
ap|>hes to a certain limited extent to silicon, and, to a greater 
extenf, to nicktH. Further reference to the action of nickel in this 
res|)cct will be made below (page 184). 
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Ah roj^ards tlio (dloMt of various addod (diuiionis c: iuipuriiicB on 
tlic tejisile propcrtic's of alloy “ A (3,?.0), a cortain amount of data 

are available and arc recorded below in Table 21, the clioinical 

% 

composition, in most cases from analysis, of tli/ alloys represented 
TABLK 21. 

TjffGcl of Added Elements on Alloi/ “ A ” {3/20). 


: Distill- ; 
I guislniig i 
I Tiuiu})er. I 


Nature of 
material . 


W G85. 


Hot-rolled 
'lieot O-OJri 
eich thick 


I UU 


W560B 


W32G 


W702 


] lot-rolled 
rod X-inoh 
liiamoter 

I flot-folled 
' sheet 0-0G9 
; ( inch thick 

( Hot-rolled 
< shoot 0 • 035 
• iuch thick 

( Hot-rolled 
. k sheet 0*0G2 
I ( inch thick 


W7G3A 



i 

1 Elements 

1 added. 

Yield 
stress. 
I’ons per 
square inch. 

Ultimate 
stress. 
Tons per 
square inch. 

Elongation 
per cent 
on 

2 inches. 

1 Troll and | 
1 Silicon 1 

; 10*7 

1 

1 

28-2 

18 

|[ Iron 

18-1 

20'5 

18 

1 Silicon 

17-G 

28*3 

IG 

1 Manganese 

lG-4 

28-7 

21 

jl 

1 Manganese 

18'G 

28’4 

21 

1 ^lagne- I 
1 sium and > 
j Silicon ) 

21-6 

24-7 

15 

1 Nickel ^ 

24-‘l 

28-0 

13 

• 


by the various numbers in Table 21 being j,iven unde't corresponding 
numbers in Table 22. 

It will be seen that in the majority of cases the presence oi the 
added element renders the alloy slightly hardier and stronger bulb 
corresp^ondingly less ductile. The effect on the ductilij;}* of the 
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alloy in tlic Lirli(‘f'‘s^a.jj;cs of foTgin*^ and Tolling, liowovcr, is inucV 
more mark(‘d tlian tin* ivsults of the tests on the finisln^d material 
would indicate. 

Shru{/(li at IjOW i'emperntures. 

Together with a mimlxT of other materials, alloy “ A ” (<‘l/20) lias 
heen subj(‘cted to a series of tensile tests at very low temperatures 

TABLE 22. 

Composition {by Analysis) of Alloys of Table 21. 

guiahing Copper. ! Zinc. Iron. Silicon, Nickel. 

Number. | . ; ' i ‘ 

W685 . 3-10 20-28 0*50 ! O-dO — — — 

1411. . 2-85 ; 19-50 ^ 1-28 || j. I _ _ 

W560B.| — i — j -- -- - 

W32G . ! 2-8G I 21-op — | ~ 0-53 — — | 

W702 . I 2-27 i 20-02 — | -- 0*41 — — | 

J. . . 

W7G3A* 

♦^Nominal composition— not analysed. 

• 

whieli were undertaken in view of the possibility that alloys 
employed for aircraft construdlioii might be exposed to excessivedy 
low temperatures for relatively long p.riods. These tests and their 
detailed ijcsults arc described, togetffer with those for other alloys, in 
Section HI (fi) (page 142). Here it need only be said tha^the results 
clearly indi(-.ate,tljat even prolonged exposure to the temperatures 
gither of liquid air (- 185° C.) or of melting carbon-dioxide snow 
(-*^0° C.) produces no deleterious effects in alloy “A,” There is 
ne cmdencG of any tendency towards any “ embrittling ” action of 
such iut(^nse cold. 


3-08 1 20-42 — 0-68 — 0 - 4:3 

2-50 ; 20-0 ~ — , _ 0-5 
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nf(?). Development of Alloi/s “ E ’’ atui “ 

It has already been indicated* that the study and dc^vclopment 
of the ten^iiry alloys of co])j)er and zinc, with aluminium was 
undertaken ])artly with a view to the subs<5qy( nt utilization of the 
alloys arrived at as a basis for further advance. In the case of the 
alloys of manganese and copper with aluminium, which are described 
in the later ])ortion of the Ninth Report to the Alloys Research 
(Committee, such a further advance had already been effected. 
This was first don(‘ by Wilm, who ajqdied the hardening effect 
produc(‘d by tlie addition of magnesium to aluminium alloys, to 
these materials, winch at that time constitut(‘d the best wrought 


TABLE 2:1. 




1 2 

3 4 j 6 6:7 

Copper . . 

* 

3 : 3 

3 3 0 ^ j 0^ 0 

Zinc . . . 

• 

5 To 

15 15 15 !20 15 

Magnesium. 


0'5 : 0-5 

1 

; 0-5 0-5 ,05' .()-5 i 0-5 

' 1 

I\raDgai]oso , 


1 

- 1-0 1 -- i - 1 -- 

Silicon . 

! 


Not exceeding 0’20. 

Iron . . . 



Not exceeding 0 20. 

Alcjuinium. 



Remainder. 


aluniijiium alloys available. Since the aluminium Z!nc-copj)er 
alloys, whoso development has been described in the previous 
sections of the present Report, constitute so consid('rable an 
advance from the point of view of tensile strength on the 
mangane8g-cof)per-aluminium alloys described in the Ninth Report, 
it was hoped tuat the application of +he magnesium hardening 
effect to ihese alloys would bring about a corresponding furjhw 
advance. Efforts were accordingly made, first ^to secure the 
incorporation of magnesium in these alloys, and in the seednd 
place, to study the whole process of hardening in tluv presence 
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of mill iv view to ^irriving at a better understanding 

of the ])ro( ess and of the manner in which it could be applied to 
a new grotip of alloys. This latter part of the work is described in 
a separate section of the ])ro.cnt Report (see Section (page 235). 

The first att(‘inpk' at rolling alloys containing nnjgnesiurn were 
made at the Milton Works of the British Aluminium Co., in November 
of 1011, and again at the same works in 1913. The compositions 
of the alloys used in those experiimmts are stated in Table 23. 

Alio vs having the composition indicated in columns 1-G of the 


TABLE 24. 




1 

Yield. 

1 

intimate. .Elongation 

Alloy. 

Material. 

, Condition. 

Tons per 

Tons per 

per cent on 



sq. inch. 

sq. inch. 

2 inches. 

7 

1 in. rod 

Hot rolled 

19-9 

25-3 

21 

8 

U l» 

>> »> 

21'7 

25-7 

19 

7 

J-ifl. rod 

CjJuenched 

li!-4 

20‘2 

29 

8 

»> »» 

from 600"’ 

15-5 

2:3-1 

29 


1 

f Quenched 
from 500'’ 

15*4 

22-5 

' ! 

27 

7 

^-in. rod< 

1 

1 and aged 
at least 
' one week 

18-9 ' 

24-9 

18 


15 par cent zinc 

l^n. rod 

Hot rolled 

8-5 

16-5 

32 

20 ») » »> 


M M t 

12*4 

1 

21-4 

1 26 

I 


Table were prepared in the form of 3-incli chill cast billets, two 
billets of each composition being tried, one for rolling at a relatively 
high temperature (440° C. to 390° C.), and the* other at a lower 
temperature (325*° C. to 275° C.). At ])oth temperaturest however, 
all the billets \9f these compositions broke up badly in the 
r«ll8, generally at the first pass.. Of the remaining alloys, those 
corresponding tp columns 7 and 8 were successfully broken down at 
43^° C. and 418° (\ respectively and were ultimately rolled to 
I inch dii^nieter rod. Tensile tests on the resulting material, both 
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in tlio lioi-rollofl condition and after que.i(J1npf pftd agcinpj are 
given in Table 21. 'For ])Uipose.s of conipaHson Similar data for 
alloys of the same zinc (content, but wii hou^' magnesium, are included 
in this TabW. , 

It will be seen from the above Tabb^, that yotli alloys in the liot- 
rolled condition give results -decidedly higher than the pure 
aluminium-zinc alloys free from magnesium. After quenching, 
,the alloys containing magnesium were very much softer than in 
the hot-rolled condition. A certain amount of hardening occurred 
on ageing, but this was not sufficient to restore the alloys to the 
strength which they possessed after hot rolling alone. Tn view of 
otlnT developments, the study of zinc-aluminium alloys containing 
magnesium has not been carried further. 

After the installation of the experimental rolling-mill at the 
National Physical Laboratory, the study of the behaviour of 
ternary alloys, to wliich magnesium had been added, was carried 
on concurrently with that of the ternary alloys without magnesium, 
which has been describ(Hl above. The all^^s iwed had the composition 
indicated in Table 25. 


TXBLYj 25. 



3 

10 n 12 i 

Copper .... 

- 

3 

3 3 1. , 

1 

Zinc . . 

15 

20 ! 20 f 13 

1 

Magnesium 

0-25 

0-5 1 0*25 i 0‘5 

Silicon* . . . 

- 

i _ 

Iron* .... 


i - 1 - ^ 

Aluminium . . 

• 


Remainder. 

• 

* Not exceeding 0-2 except whcie otherwis^ stated. 


13 


13 


0-5 i 


l-O 


1 


9 

The first attempts to roll billets of these alloys without previous 
forging led to consistent failure When forging was first attempted, 
it was found that the }Tesence of magnesium in the t^Jloys very 
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ronsid(irably^incfcils^(l thft cliSUculty of forgin^S as tlicrc was a 
great(T liability to crack. Tn ^view of the (lilUciilty of forging 
those alloys, attcTitioiv was turned at this stage to the. possibility 
of bringing them into workable condition by use of the extrusion 
proc.ess. The work extrusion is more fully dealt with 
in a se])arate S(‘ction of the ]>resent Report, but. it is desirable 
to record in this place t hat alloys of compositions 1) and 12, Table 
25 were more or h‘ss successfully extruded, and in the extruded 
states j)roved r('adily amenable to hot-rolling. In addition to th(‘, 
above, oru‘ very considerably liarder alloy, subsetpnmily know?! 
as alloy " th*’ and having the nominal eo?n[)osition : - 

Per cent. 

. 

. 20-0 

. 0-5 

. 0*5 

• . V 

was also successfully extruded, although a part of the extruded 
bar was seriously crack/Ml. After rolling sound ])ortions of this 
material down t.o a diameter of | inch, it gave temsile t(‘st results 
as shown in the Table 20. 


(’opper 
/inc . 
Magaesium 
Afanganeso 
Iron . . 
Silicon 


TABLE 26. 


I 


PrimitiveFil.Lirait.' Yield stress. 

1 Tons per sq. inch. Tons per sq. inch. 

1 Ultimate stress. Elongation percent 
Tons per sq. inch. on 2 inches. 

1 • 

221 32*0 

• 

37-8 

12 ' 

189 32*1 

0 3C-8 

11 i 

• 


• 


The elasticity curves and tlic load -extension diagrams for the two 
specimens, from which the results given in Table 26 were obtained, 
are'^'sliewn in the graphs of Figs. 60 and 61. 

«The above results constitute a considerable advance on any 
lifilit alloys previously produced, so far as tensile properties are 










Tons per sq. inch. 
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conceniftd. Special attention was tjicrofore deA’^ited llie further 
development of alloys i*)f this type, and particularly to iheir production 
in the form of sheet. For this purpose, the extrusion process which 
])roved it-sel^very usid’ul for the pro(li)^tioii of alloys in the form 
of rods and bars, was much less suitahle, an^l for this and other 


Fjo. C2. 


Sheet (IH Gauge). Com-x^osilions \2nr.d \ X 



Qnonchiag Toraperaturo. 

o 


reasons it became necessary to continue the stud^^ of methods of 
luodueinglhe., • alloys from cast slabs by rolling. 

Concurrently with the extrusion experiments described abovt^, 
further efforts were made at forging and rolling slabs J inch thlfk. 
Tn the case of compositions 12 and 13, Table 2lf some sffccyss 
was obtained. The results of tensile tests on*] 8 gauge sheet of those 


Elongation per on 2 inches. 
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(*om])ositioiisV (1/2 13) aftjr anncaliiig at 250° C., and after 

quciic'liini,^ from 350"^* C., 450° 0. and 500° 0., followed by ageing 
from fiv(‘ to ten days; are sliown in the eui;ves of Fig. 62. These 
results indicate niarla'd a^e hardening, the tensile steength being 
incTeased by as inu^h as 50 per cent above that of the annealed 
anaterial and 30 per cent above that of the material as hqt rolled. 
The alloy corresponding to column 13, containing intentionally 
added silicon, j^roved to be more readily rolled and was practically 
free from (‘dge cracking. 

Tli(‘. ex])erience wliich had been gained at this stage of the 
research, in the production of rod and sheet of tlu' alloy “ A ” (3/20), 
sugg(5sted that possildy the difl[iculti(‘S met with in the attempts 
to forge and roll the harder alloys containing magnesium might bo 
traceable to defects in the billets and castings. Sp(;cial attention 
was therefore devoted to the method of making and casting these 
alloj^s. 


Method of ^IaJiin{i and Casting Allogs Containing 
Magnesium. 

Ill making these alleys, magnesium had hitherto been added 
in the form of an alloy of magnesium and aluminium containing 
20 ])er cent of the former metal. Slabs made in this way, however, 
were found to be seriously defective when examined microscopically. 
This appeared to be duo to the inclusion of oxide, coujded with 
unsoundness, and* it seemed probable that a large part of the 
difficulty from cra’cking during bo^th forging and rolling might be 
attributable to these defects. Micro-sections of the magnesium- 
aluminium alloy showed similai? defects, and its use was therefore 
abandoned. The practice was adopted of adding the magnesium 
in the form of the pure metal, cut into one on two pieces of fair 
size. These weye added to the molten alloy just before pouring. 
Slabs made in ^his way were found to be practically free from 
defi'-cts and gave very much improved results on working. The 
m^ncsium was introduced into* the molten alloy by the device 
wl^ch'lias alre^y been described in connexion with the production 
of casting alloys containing magnesium (see Fig. 20, page 33). 
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Subscquonily it. wiu, found ppr-forahk to uso a still lower worlcing 
teni])erature, 300" (t 

This is illustrated by a series of forging tests made, on strips cut 
froni larger chill east slabs pleasuring 7 inedies by 1 4 inches by 1 1 inch 
thi(‘k, the strips the^nselves being 5 inches long by 1 1 inches square 
section. Forging was confined to an area at one end which could be 
covered l)y a single blovr. The results are shown in Fig. 63, 
showing the r(iduction in thickness produced by twenty -five and 

TABLE 27. 

Tensile Tests. Alton “F.” 18 (lauge Sherf. 



Yield stress. , 

Ultimate 
stress. 
Tons per 
s<i. inch. 

Elongation 

Condition. 

Tons per 
s(i. inch. 

per cent on , 
2 inches. 

( 

26*3 

31-4 

15 

Aa hot-rolled . . 

24-8 

32-6 

10 

Annealed 250" C. . 

14-5 

25-3 

20 

Qnenchod 250” C. and aged 

13-7 

23-3 

22 

Quenched 350° C. and aged 

27‘3 

30-5 

10 

Quonched 400° C. and agedj 

27-8 

38*7 

9 

i 

30*5 

39*1 

11 i 

• 

fifty blows respectively at 

various temperatures. 

At 450° C. it 


appears that the alloy is hardened so much by twenty-five blows 
that a further twenty-five blows ])roduce little more reduction, 
while at 300° C. such an actioif does not occur. 

• Ultimately it was found that by using a blow distinctly lighter 
than that^.mployed in the case of tffe alloy A*” (3/20), slabs could 
be reduced in thickness of from 5 to 10 per cent in one stage. After 
this preliniinary%f(.rging treatment, it was found possible to break 
t]^e slabs down in the rolls at a similar temperature (300-320° C.) 
anJ to effect a^bO per cent reduction in four passes. For further 
rolUiig of blanks to thinner sheets, a higher teinperature, 400° C., was 
adopted . 
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Witli this alloy, cdgc-cracking dHring brca^^ii^g down was never 
co]n})l(‘toly eliininatccl, as had boon done in the (.aj.e of the alloy 
’ A ” (3/20), so that a considerable percentage' of scrap could not be 
avoided. Oftce the material hrd beep reduced 50 per cent in 
thickness and liad been triinracd to remove cra ked and defective 
portions little further trouble with cracking was experienced. 

llesults typical of tensile tc.sts of this alloy “ (E)” after roiling 
to a thickness of 0* 05 inch, and after receiving the various forms of 
heat-treatment indicated, arc given in Table 27. 

It whll be seen that this material attains a tensile strength of 
from 38-39 tons per square inch when fully hardened and aged. 
After quenching at 35tt° and 400° C., however, the ductility, as 
sliown in the above Table, appeared unsatisfactory, and further work 
was und('Ttak('n wnth a view to effecting an improvement m this 
property without undue sacrifice of tensile strength. The 
composition of the alloy was niodilied in two ways, (1) by reducing 
the magnesium content, (2) by reducing the magnesium content 
and adding silicon. The compositions trhid were as follows : — 




IMaguosium 



0-25 

' 0-25 

^JangaucsG 



0-5 

0-5 

Silicon 



0-5 

1-0 

Copper 


• > • ; 

2-5 

2-5 

Zinc 


i 

20-0 

20-0 


6 


Aluminium 


liomainder. 


The reijults obtained with material of these two compositions, 
treated otherwi..v; in exactly the same manner ar» that described 
above, ai\ given in T.vble 28. ^ ^ 

It will be seen that bf>th modifications show a material 
improvement in regard to elongation, with only a com para tiv.ely 
small reduction in tensile strength. 
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8u bsoquc jt to thp suoc(?ssfLl production of the alloy “ K ” at the 
Laboratory, its manufacture on an industrial scale was studied and 
devcloj)ed at the Jloyal Airship Works at Clardirigton, at that time 
under Messrs. Short Bros. Efforts were there com'en^'retod mainly 
upon the reduction jp the percentage of scrap, whicli, owing to the 



'i’AULB 28. 



Condi lion. 

Yield stress. 
Tons per 
sq. inch. 

Ultimate 
stress. 
Tons per 
sq. inch. 

Klongation 
per eout on 
2 inches. 



1 

2 

1 

2 

1 

1 2 


27-1 

24-8 

32-2 

30*8 

18 

15 

Ashot-rolled . 







20-9 

20*9 

31-9 

316 

15 

15 


26-G 

22-2 

3G‘3 

33*7 

15 

; V2 

C,)ucuchod 350° and agedj 







1 28-4 

20-6 

361 

33-8 

14 

12 

qiucuchcd 400" and aged' 

1 28-C) 

26*0 

38-2 

35*4 

13 

' 16 

1 


1 28-4 

28*4 

360 

35-3 

14 

16 


occurrence of edge cracking, was still somewhat serious. Mt>diiications 
^‘in the ])rocedure of manufacture, and also some modifications of 
composition suggested by the present Authors were tried. Tlic 
modifications of procedure consisted mainly in (1) machining of the 
surfaces of all cast slabs, and (2) modifications of conijmsition 

i 

(1) Machining of Slabs. —It is probable that if entirely j)erfect 
slabs free from surface defects could be produced, machining would 
i¥>t be necessary and would indeed offer no advantages. In actual 
industrial practice, however, it sccibs that machining of the surface 
is probabfy cheaper and more effective than the rejection of all 
slabs showing ra^nor defects. A further modification of treatment 
was introduced alter juachining, by submitting the slabs to a 
preliminary annealing before Gorging. After this preliminary 
anneabng, and Vising the larger slabs and heavier hammer installed 
at those works, it was fbuiid ])ossiblc to give the slabs a reduction 
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111 forging of 30 per cent in thickness. Afie • tlos ifcatnient the 
rolling presented fewer difFicnltics, and the rtinount of scrap was 
very largely diminished. In addition, il. was found, much to the 
Authors’ graMfication, that the i.iure dr* stic treatment, which could 
he given to the mat(u-ial in a larger ])lant, ^ed to an improvement 
in the <luetility of the ultimate ])roduct. Tliis will be seen by 
coinjiaring the results given in the summary Table 10, page Ilf. 

• 

(2) Modifications of Com position.- —In ord(;r to obtain a somewhat 
softer alloy, two modifications of composition were suggested by 
the Authors and were tried at Cardington. The first of thes(‘, 
known as alloy ‘*F,’ censisted in the addition of a small amount of 
silicon (sucli as to bring the total silicon in the alloy up to 
ap])roximately 0' 75 per cent). As will be seen from the summary 
Table 40, ])ag(; 111, this effected a certain amount of softening, 
reducing the average tensile strength to 35 tons per square inch 
us compared with 39 tonsjier square inch of the alloy “E,” with a 
corresponding increase in elongation to 18 ])cr cent as comjiared 
with 1 1 per cent of alloy “ E.” A further modification, leading to the 
alloy known as “G,” was made by reducing the percentage of all 
the added elements except copper, including zinc, manganese and 
magnesium. The composition aimed at was as follows : — 


Copper 

. 2-5 

Zinc 

. 1-80 

Magiicsiuiii 

. 0*35 

Ma; ,^aiiosG 

V 0’35 

sr con 

. OvSO 

Aluminium 

I’oinaindor 

This change in composition produced very little diminution iii 

tensile strength as compared with alloy “E,” 

but a considerable 

increase in elongation was obtained. This alsoowill be seen on 

reference lo tl e summary Table 40, p.*gc 144. 



Development df Alloy “ Y” 

I'he \\’jrk on casting alloys for use at high' temperatures, 
described in Section II 5 of the present* Keport, had indicated 
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ilio reinarkaTijlc ph' ])criios, ].tirticulurly at high li‘iiipcraturcs, 
wliicli W(*r(; found in the alloys of alujiiinlum with copper and 
nickel and still more in the alloys with co]>])cr, nickel and 
magm'siiini. Not only was it found that these alloyi^ maintained 
their strength at a high tempcTatnrc to a greater degree than 
any others which had heen tested, hut they comhined v/ith this 
})rop(‘rty the development of a degret; of ductility, retnarka])lc 
in east material, in that range of temperature which is usually 
employed for the rolliug of aluminium alloys, that is, the rang(^ from 
300'' to 450'^ 0. This ductility, which exists even in alloys containing 
relativi'ly high percentages of copper and nickel, BUgg(‘sted the 
possibility that these materials might be suitable for forging and 
rolling, and it was further hoj)cd that in the wrought conditioji, 
l)articularly after heat treatment, tliey might still display the 
power of r<‘taining their strength at liigh t(Mn])eratures to a 
speeial degree. This was regarded as of ])articular importance 
because alloysofthe type of “A” (3/20), and of the type of “E ’ and 
its modifications, ho\»evcr useful and promising at ordinary 
temperatures, were remarkably deficient wlien any attempt was made 
to use them at elevate/l temperatures. For such ])urpo3eB as 
connecting- rods of aero engines, for example, it was evident that tlie 
* alloys containing notable proportions of zinc were entirely unsuitable. 
This latter class of alloy, also, had shown certain definite limitations 
arising from such matters as season cracking ” and corrosion 
(rsee below, page ITT), which rendered it desirable to look in other 
directions for alloys which r.hould .as far as imssible combine the 
remarkable strength of the zinc alloys with freedom from these 
limitations. It is in this direction particularly that alloys of the 
type, containing co])pe.r, nickel and magnesium, have been 
developed gnd studied. 


Exploratory Work. 

of ^'xploratory meltings were made, the alloys ])eing 
at th s w^^ rods IJ inch diameter and 10 inches long in 

« ^noulds. The (nominal) compositions of these alloys 



Ai.L‘ HESEARfUI. 


113 


togotlio.’ with tlt *ir l)eLovlour on rollin'^, ‘ ora • shown in 

Tiri)l(' 29. 

9'h(‘ Tvduc.Uou aMuod at. in rolling was from IJ inch to ^ 
imdi diam('r,(^. It will l)^ sfMn that 'yilh tin* oxrejttion of one 
or two bars coni.aining a high pcroeutagn oi I'n^m^sUirn (3 j)or cent) 
good rollnd I’od was obtained from all tin* alloys. S|)ooial attontioH 
may be. drawn to the fac.t that thn alloy Kl, Ta})lo 29, containing 
f,o])])('r 9 per cent and ni(‘.k(d 3 per cent was satisfacdorily rolled. 
In th(‘ Eighth Ite.port to the Alloys Research Committiic, Carj>enter 
and Edwards state tliat alloys of aluminium with copper alone, 
containing more than i per cent of copper, can only be rolled, if 
at all, with very great difriculty. With the facilities and knowledge 
now available, this limit could ])robably be extended soniewliat, 
and alloys of th(‘ 1) ” tyjie (n'scmbling Duralumin) have been rolled 

containing copper up to G per (u*nt. 'Phere can be little doubt, 
howevei, that an alloy containing 9 per cent of copper alone could 
not be rolled satisfactorily if at all. We have here, therefore, the 
very remarkable fact tliat the addition of ^3 per cent of Jiicknd, 
whi(‘h by itself would act as a hardening agent, markedly increases 
the ductility of an alloy contuinirtg 9 per cei^t of coppiT, particularly 
at high temperatures. Further reference to this influence of nickel^ 
will be made below. 

A S(‘ries of tensile tests, wliicli could only be regarded as 
preliminary, were made on the rolled-rod obtained from the above, 
serirs of alloys. These tests gave low values, "probably because 
the amount of reduction which bad been possible in the rolling of 
these small chill cast ingots liad not been sufficient fully to develop 
the strength of tliv- material. Oit® the other hand, these tests 
showed that the rolled alloys at temperatures up to 200° if. 
maintain their strength very well, particularly those containing 
copper, nickel and magnesium. The loss of tciftile strength at 
200° C., in the (..^se of the alloy containing copper 4^percent, nickel 
2 per ciut, magnesium r5 per cent (subsequently known as th^ 
“ Y ” alloy), did not amount to more than 10 per cent^f the strength 
^t the ordinary temperature. This may be conijiared with a l§ss 
of about 50 per cent for hot-rolled rod of alloy “ A’’ (3/20).^ 
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Larfjei Billets. 

The ]jrodiiction, jiarticulaiiy of the “ Y” alloy, in the form of rods 
liot-rolled f%>m 3 inoli diameter oliill cast biUcts was next studied. 
At the same time, in order to ascertain tne ^"xect of modifications 
of (iom position upon the strength of the alloy, some billets of 
modified composition were cast and rolled. For purposes 
, of com])arison, a series of alloys of the ‘‘D” tyjie (resembling 
Duralumin in c.oritaining about 0*5 p(‘r cent of manganese, with 
()-5 magn('sium) w(‘re cast; in one of these the cojiper content 
was incri‘as(‘d to G jxt cent and in another an addition of 2 p(‘r cent 
of ni(*.kel was made. Tlnsse vviue rolled and treated together with 
alloys of th(‘ “ Y ” series. The compositions of the alloys of this seriiis, 
as found bv analysis, are given in Table 30 together with the results 
of br\-aking down in the rolls from 3 inch diameter to J incli diameter 
hot-rolh'd rods. The aUoys marked with an asti^risk in the Table 
were forged Ixdore rolling, but the first two, of th(‘ “ Y ” ty]>e 
jirojxu’ were, rolled without jireliminary* forging. 

It dll be seen from the Talde, that no great diffumlty was 
experienced in rolling thesi* alloys (^xcei)t in the case of the ‘‘ D ” typo 
alloy containing G per cent of copper, which split somewhat at one 
end. The “ Y ” alloy, both in this series of tests and the previous* 
series fivim IJ inch diameter chill billets, proved capable of being 
rolled without preliminary forging. It was subsequently found^ 
how ( ver, particularly in the case of rolling of she(‘f, that it is a distinct 
advaniage to ■ irry out a certain amount of forguig before breaking 
down in t lie rolls. 

Tensile Tests. 

Tensile tests have been made on the rod, J inch diameter, obtained 
from each of the alloys. The tests liave been made lat normal 
temperatures and at 100^ (k, 1 GO® C. and 2(X)® C. *111 all cases these 
materials had boon previously heat-treated, by beinjf quenched from a 
temperature of 480° C. in cold water and aged for at least four da\|P. 
The results of the tests arcrepp'sented graphically in F|gs. 64 (pa^e f 1 8) 
and 65 (page 1 1 9), the former referring to the alloys of the “ Y” type, 
and the latter to alloys of the “ D ” type. *The letters and numbers 
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of tliose FigurcPi arc the same as the irJcntificatio^n*lcttersiand numbers 
ot tlic alloys in Table 30. In Fig. 64 a grax^i '•^[irescntingtlic tensile 
prox)orties at various temjioraturcs of alloy. “A” (3/20) has been 
iiu ludod for^omxjarison. K.vaini'iatiop of tlit graphs .shows that on the 
whole, the alloy‘‘ r2” (now knoViias alloy ' Y gives the best results 
at ordinary and high temperatures. The modifications of composition 
tri<Ml in this si'ries of experiments do not appear to give any advantage. 

It will l)c seen from Fig 64, that at a temperature of 200° 0. 
the alloy “ Y ” (P2) has a tensile strength of about 19 Hons per square 
inch. This eorres])onds to the tensile strength of this alloy as 
hot r(>lled. It would axq)ear, therefore, that at thi.s temx)erature 
the hardening effi'ct jnoduced by quenching and ag(’ing is 
removed by prolonged heating. Tcm])erature s U]) to 150° C., 
and pos.sii)ly slightly higher, however, can be safely used without 
producing any permanent deterioration of properties. Test-xacces 
of this alloy have been held at 150° C. for a jicriod of 100 hours 
and aft(‘r wards t(‘sted at that tcmxierature. They showetl only a 
neghgiblc loss of strength compared •wit-U spi'nimens tested after 
haviji^j been Indd at tlie same temperature for only thirty minutes. 
This matter has also been further studied by means of Brinell 
tests (hardness) made ux>on sxH'cimcns held for jirolonged x^eriods 
at 175° C. Comx^arison with alloys of the “ D ” tyx)c (Duraluniilf^f 
show i .lat the “ Y ” alloy is actually siixx'rior when hold at these high 
temjieratures in retaining the hardness previously x>roduced hy heat- 
toatment. 


Fatigue Tests U High Tempendurcs. 

Ill view of th(' fact that it \\^s hoxied to utilize alloys of the 
“ Y ’’type in the construction of connecting-rods and other mo’\dng 
Xiarts of engines exposed to elerated temperatures, sxiecial importance 
was attacihed to a series of fatigue tests madi*. at ■feinxjeraturcs 
up to 1 j 0° It was considered i-hat this ran^t^ of temperature 
was snlTieicnt for such materials, in viev/ of the fact that even the 
hot end of the connecting-rod never attains anything like tlipffull 
tcnix^ Lciure of a xfisl-cn. The results of these •fatigue tests arc 
given in the general Table of comxiarativc fatigue tests, Table 45, 
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page 150. K will U(‘ro Le scevi that the fatigue, range (safe range 
for alternating stresses) for the “Y” alloy at 150° C. is distinctly 
liigluu’ than that of any other light alloy tested. 


* Product ion of Shed. 

The ])roduction of alloys of the “ Y ” ty])e in the lorni of sheet 
])resented co]n])aratively little difficulty. The lirst experiments, 
were made with chill cast slabs, J in(di thick, and these were 
broken down at first at tcm])eratures of 400° C., and later, when the 
results of some further forging tests had becoim; availabh', at a 
higher tem])erature (180° C.). This change produced a distinct 
improvement in the results of working. These re1ativ(‘ly thin slabs 
conld be broken down with and without preliminary forging. AVith 
thicker slabs (1 J- inch), a reduction of 10 ])er cent in thickness by 
forging was given in two heats at 240° C'. This was followed by 
re-heating the forged blanks at 480° C. and their reduction in the 
rolls to a thickness of, apf roximately 0*75 inches in five or six 
passes. Typical results of tensile tests on sheet O' 05 inch thick 
produced in this manner, after heat-treatment, are given in Table 51, 

TABl.E 31. 


I 

T 


Material. 


Yield stress. Ultimate stress. 


Klnngation per 
cent on 2 inches. 


Tons 

per sq. inch. 

Sheet 0'05 inch! Jl-1 

thick, quenched * 

• and aged . . .) ITS 


Tons 

per sq. inch. 
22-8 


22*1 


. „ i 

I 


18-0 

21-0 


Further^hnprovement of Alloys of the “ Y*’ TyjA ^ 

The adN’antages in regard to fatigue resistance and, particularly, 
in regard to resistance to corrosion which alloys of the “ Y ” type had 
beey found to present, made it very desirable to study these f urthi'r 
with a view to improvin^their tensile strength. Hot-rolled material 
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wliioh Iiad been (iu:nclied and afre(i*had nofc . e>i b'TTsile stn'iigths 
beyond 25 tons per square inoli, au^ Lhis figure com pan's unfavourably 
with such alloys as “A” (3/20) and still inorv- ^ with alloys of the type 
of E,” w}>yc even comnicrcLl Duie’nimin generally gives higher 
figures in tin ltv<iAt treated and hardened coJ'rflition. Effori-s were 
tli(‘ref(we inadii to improve these alloys in the first place by further 
changes of composition. In view of the fact that the compound of 
•silicon and magnesium (Mg.jSi)had lieen found to play so large a part 
in th(' hardening of alloys containing magnesium, it was thought that 
by increasing the proportion of silicon present in these alloys, a larger 
amount of compound would be produced and that a corresj)onding 
increase in the degree of hardness might be obtained. This was 
tried, but it was found not to be the case. The fuller study of these 
questions of hardening is described in another section (V ((/)), but 
there can be little doubt that the failure to obtain increased hardiming 
by the addition of silicon in proportion to the amount of magnesium 
present must bo due to the fact that the solubility of this compound 
in aluminium is restricted by the presence of telatively large amounts 
of CO j /per and nickel. The addition of silicon beyond a content of 
0*35 per cent is therefore not desirable iiiDliesc alloys. 

A further series of alloys, in which the composition was varied 
by chrr-ging in each experiment the jiroportion of one of the 
conslituents present, were also prepared and tested. These alloy* 
were cast in slab form, slabs J inch thick, 12 inches long and 5 inches 
wide being ' iUjdoyed. The c^impositions of these alloys, both 
nominal and as fouiui by analysis, arc given in Table 32. 

The alloys of all those compd^itions were found to undergo 
forging in a fairly satisfactory manner. On subsequent breaking 
down in the rolls, generally at temperatures of 500^ Ol they also 
behaved fairly well, but as a rule thcr'' was more or kiss edge cracking. 
This could prouably be corrected by slight modilications of casting 
procedui’e, while greater experience in rolling and treating tho^e 
alloys wonld no doubt lead to improved resull^ in regard to 
mechauii.al properties. ^ • 

In order to test the • ffect of heat-treatment on alloys^of various 
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coui[)osition* as^slioVii in Tabic 32, tlic sheet ])rod\icc(l from these 
alloys was treated by quenching t»‘om various temperatures, ranging 
from 350^ C. to 450*^ U., and tensile tests v^ere made on material 
aged after such quenching-. The^ results of these rl^cmsilc tests, 
corr(‘sponding to quenching from various temper-^^^ures, arc shown 
in Table 33. It will be seen that a number of quenclied strips 
cracked as a result of this treatment, and it would appear that 

TABLE 32. 

! , I 

CompoBition per cent. 


Melt No. 




Al. 

Cu. 

Ni. 

Mg. 

Si. 

I 

Intended 

H9G 

GO 

2*0 

1 5 

0-9 

W817-9 .j 

By analysis . 

89*86 

5*84 

1-9G 

J*5 

0*84 

( 

Intended 

89*G 

4*0 

4*0 

1*5 

0*9 

W8r)0-2 

1 « 






1 

By analysis . 

89-9 

8*87 

3*68 

1*5 

0*84 

(' 

Intended 

91 -G 

2*0 

4*0 

1*5 

0*0 

W8:)3.r. 

t 






1 

By analysis . 

01*8 

1*84 

4-0 


0*85 

11 

Intended 

' 88*0 

7*0 

20 

1*:) 

0*9 

W8G2 1 .j 

By analysis . 

88'9:{ 

6*87 

1*74 

1*55 

0*91 

W871,A.B.C.!j 

Intended 

89*1 

GO 

30 

10 

0*6 

l| 

By Analysis . 

89*47 

• 

G*0 ' 

2*93 

1*03 

0*55 


quenching from tcinperaturcs*as high as to 550® 0. in cold 
water is too severe a treatment for some of the harder alloys 
containing higher })roportions of copper. 

An examinalion of the results shown in Table ^33 serves 
to show that imnc of the modifications tried have brought about 
any material improvement in J;he tensile strength of the, heat 
treated and ag 4 'd alloys. It is, of course, possible that modifications 
boffh of rolling and heat treatment might produce better results 
with oue^or other of these alloys, and it mey prove ultimately to 



ALI.'tfS UEKEAJK^J. 


123 


TABLE -AS.— Tensile Te>-uJ‘ 



Alloy. 


1 



Nominal 1 

Composition^ | 

Conditioiv 

Yield j 
•tress. 
Tons per ' 
sq. inch, i 

Ultimate 
stress. 
Tons per 

Elongation 
per cent 
m2 inches. 

1 

1 

1 , 


sq. inch. 

Cu. 1 

1 

1 

Ni. i 

Mg.j SV 



1 

0 i 

2 

1-5 

As rolled. 

11-5 

21-2 

70 

1 

1 


t 

Quenched 400'’ C. 

10-8 

21-5 1 

12-0 

i 

1 

i 

I 1 

„ 450'^ C. 

10-8 

23’3 

15 0 

1 


! 

„ 500" C. 

Test Strips cracktjd. 


7 

2 

1-5 1 

As rolled. 

0-6 

18-0 

5-0 




Quenched 400® 'J. 

11-3 

20-2 

90 



1 

„ 450® C. 

13-5 

225 

10-0 

1 

1 


i 

1 

„ 500' C. 

Str’ps cracked. 


6 


1 

0 G 

As rolled. 

4i5‘0| 

22 0 

0 0 

1 

! 




Quenched 350'’ C. 

1 

13-5 

12-0 

1 




I „ 400® C. 

1 9V 

17‘G 

12 0 





450® C. 

11*0 

24-0 

7-0 , 

1 




(One strip cracked.) 

! 

i 







Quenched 500® C. 
(One strip cracked.) 

IG-O 

23-4 

C-0 

4 

4 

1’5 


As rolled. 

7-0 

• 20-6 

60 



, 

Quenched 400"#G. 

9-0 

' 17-G 

14-0 





„ 450® C. 

• 

8-9 

17-8 

14-5 





„ 500® C. 

13-8 

22-8 

13*0 « 

2 

4 

1-6 


As rollcdT 

11-9 

20-0 

1 50 



• 


Quenched 400® C. 

7-2 

f5-4 

150 








150' 





„ 450® C. • 

80 

lC-8 





„ 500® C.* 

130 

23-0 

14‘0* ’ 







JL 



Note.— Q uenching for 450^ C. to 500'’ C. in cysld water seems too drastic 
for alloys with the high copper contents. 



AiJiOYS 11ESE4,IICII. 


124 \ 

be desiralile* io ^cx[)k)re t-hc possibilities more fully. As far as the 
evidence "oos, liowcver, it strongly indicates that the alloy containing 
4 per C(‘nt eojipcr, 2 per cent nickel and 1-^per cent magnesium, is 
probably, if not the best, cat all events quite as goo^ as any other 
alloy of t hat partici^lar type. 

The Ihe of lliifhitr Qm-nchuuf Tempcnduirs. 

Tile quenching temperatures employed in tlic course of ail the 
earli('r experiments in connexion Aviih alloy “ Y, ’ were limited to 
dSef 0, This Avas done on the liasis of the beliid that the alloy “ Y ’’ 
was eJosedy analogous in constitution and propi'rties to alloys of the. 

D ’ ty[)e (resembling Duralumin), and as is well known, alloys of 
the latter type cannot safely be quenched from a temperature much 
exceeding 5W 0, Simultaneously with the work already desi’ribed, 
liow'cvcr, a ri'soarcli was being carried out on the constitution of 
the alloys of aluminium w'ith nickel and co[)per, and it was found 
that when those alloys have attained their stable equilibrium 
condition, those containing copper up to and over 1 ]H*r cent show 
no critical })oint corresponding to the melting temperature of the 
eutectic formed by thc,com])ound OuAb wdth aluminium. Even in 
cast alloys which have been annealed for six hours or more at 
480'^ C., there is no critical point below 554° V. Quenching 
experiments w^ere also made on small chill cast ingots which had been 
held at a temperature of 540° for thirty minutes. When quenched 
in w ater these shoVed no sign that any liquid metal had been present 
at the moment of quenching. Subsequent development of the study 
of the constitution of the aluminium-nickcl-copper alloys has 
furnished an explanation fo^' these phenomena, since it appears 
\hat in the presence of nickel even in smaller proportions than 
2 per cen|, the compound CuAb disappears entirely when equilibrium 
has been attained. It seems to be replaced by a difeent body, 
probably of tlTb nature of a ternary compound of aluminium, copper 
jUnd nickel, which may or maj^ not have the power of dissolving 
any excess (jppper present. In addition, the alloys also contain 
pnrlicles of the compound NiAb* The inicrostructurc of the “ Y” 
alloy is discussed below. Here it is sufficient to indicate that tho 
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addition. of niokc] l>rin<]fs about a profound .linr-^o of structure 
and constitution in the alloy, wlii^li therefore cannot be regarded 
as analogous to allo 3 ’s oi t be “ D ’’ type. hVoih the ])raeiical point of 
vi(‘\v this dirf'«<ri 4 nce of constitution anu ^ruchire has the important 
advantage' tliat^.1 s possible with these alloys i-o.i;m])loy considerably 
higlu'r (|4iencliing temperatures than those which can safely l)e used 
with alloys of the J) ' type. 

• Experiments on the a]>plication of higher quenching temperature 
to alloy Y ” in she('t form, which had been ])re])ared by hot-rolling 
from slabs 1 i inch thick, w<;r(; made by holding the material for thirty 
minutes at 520"^ C. and quenching it in boiling wat(ir. After ageing, 
the materials so treated gave very uniform results, ty])ical examples 
of which are given in Tabh' ‘>1. 


TABLE :i4. 


Tliickuess. 

Yield stress. j lUtimatc stress. 

Elongation. 

— 

- - -• -j— — 

__ 

Jr lu 

Tons per s(i. in«’h. Tons per sq. inch. 

Per cent on 2 in. 

U 05 

l.J-4 1 iJ4-() 

• 

20 

1 

— 

lB-3 ; 23-9 

to 

o 


Comparison of the above 'Fable with Table 31 relating to similar 
material which had licen quenched from IStY shows a distinct* 
imj)rovement in ultimate stress and a simultaneous increase in the 
ductility. • 

Simultaneously with the work described above, experiments 
on the use of higlu'r (jucnching teiUperatures were also carried out 
at the Iloyal Airship Works at Cardington, where work on tlie 
manufacture and treatment of alloy ‘‘ Y was carried cut in close 
con j line, tifyi with that of the p»’esent Authors. E:^)erimcnts on the 
])roduction of thick wire for (he nmnuhicturc of rrvets out of ihis 
alloy at the It.A.W. had indicated the advantage which could he 
gained from tlu^ ai)plication of cold-rolling to the tjcatmcnt of this 
material. In accordance with this indication, the alloy, after breaking 
down hot from slabs J J inch thick to a tluckness of 0*25 inch was 
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further reduced byVold rolliiTg, apidied in stages each entailing a 
reduction of a])|)roximate]y 10 |)or cent in tliickness. At the end of 
each stage the alloy was heated to 480® 0. and then quenched. After 
being rolled down to th<‘ th-ckness finally required, tlv' material was 
subjected to a final rheat treatment by heating it 5.W C. followed 
by (juenching in boiling water. The resulting sheet has be^^n tested 



both at the K.A.W. and by the Engineering Department of the 
National ^^hysical Laboratory at thb Authors’ request. The material 
shows an ultinij^le stress of 26 to 27 tons per square inch with 16 
to 18 ])er cent extension on 2 jnches in the case of sheet 0*05 inch 
thick ; tliinner sheet 0'18 inch thick shows tensile strength of 27 
to *28 tons per^square inch with elongation of 15 to 17 jier cent on 
2 yicfies. The effect of varying quenching temperature upon the 
ultimate stress, yield stilibsand elongation of the “ Y ’’alloy prepared 


Elongation per cent 
on 2 inches. 
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by cold rolling ar the R.A.W. is shown in th*' graphs Fig. GG. Tt 
will be seen from tilat Fig. that the uhiir.at(‘ scress increases 
steadily with increasing; quenching temperature up to 530^ C. but 
falls markedly^whon th(‘ queiichir g temperature is increased to 540° C. 
The elongation\^not much aficcted, but u qujnching temperature 
b(‘t ween 520° (*. and 530'' 0. ajipears to give th(^ best results. 

Microstniriurr of the Alloi/s. 

Th(' microstrucliire of an alloy containing four or, if we include; 
silicon, five essential com]>onents is ncc(;ssarily complex, and its 
interpretation taken by itself is practically iin])Ossible. The only 
satisfactory method of ajiproaching a study of such a case consists 
in the systematic investigation of the equilibria and constitution 
and structure of the ternary system of alloys principally coueerned. 
In the present case this is the system aluininium-copper-nickel. 
When this system has been thoroughly investigated, at all events 
so far as the aluminium-rich alloys arc concerned, it should be 
j)ossible to asct;rtain the influence upo*r se^c-ted grou])s of those 
alloys of additions of magnesium or silicon or both. In view of 
the very great promise and importance of alloys of the “ Y ” type this 
investigation has been begun in the Metallurgy Laboratory at the 
National Physical Laboratory by Dr. Ilaughton and Miss FT. 
Bingham. The thermal curves of the aluminium-copper-nickel 
system, however, are of a very complicated and intricate 
character, and the process of unravelling the difficulties has proved* 
to be lengthy. The results obtained up to the present time, although 
they furnish some indication of the general character of the alloys 
in question, are not sufficiently complete to justify their inclusion in 
the present Report. Such interpretations, however, as can be 
attempted of the microstructiifo of alloys of the “ Y ’^roup, are 
necessarily based upon the preliminary results obtained by Dr. 
Haughton*and Miss Bingham. Sonic of these ha'iic already been 
referred to. Study of the ternary systeun makes it clear that the 
addition of even small amounts ftf nickel to alloys of aluminmm 
and copper produc(;s a very profound change in their structifl’e and 
constitution, resulting, when the alloys arc in equilibrium, in the 
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elimination oi the compound CuAlo, and in the presence in the alloys 
of comparatively large quantities of a terhary body containing 
both copper, aluminivrm, and niched. In aejdition, flic compound 
NiAl;, also occurs in these aUoys. ^ f 

Tlie microstructii^re of tlie alloy “ Y,” as cast, ^ has already been 
illustrated in Fig. 23, Flate 3, refcMied to in Section (6), 
page 13. The structure shown in that ])hotograj)li represents 
crystals of a solid solution consisting mainly of aluminium, toge'thci; 
with a network structure of a dark etching constituent whieli, under 
a magnification of 150 diameters, merely appears as a dark 
reticulation. Uruh'r higher magnifications, how(‘V('r, it is se(‘U 
that this luitwork contains two distinct constitiKmts, and possibly 
more. It seems probable that tlie bulk of the network is made up 
of the ternary body referred to above, while the second constituent 
seen in it may very likely be the compound NiA^. In what form 
magnesium may be present in these alloys has not been ascert-ained 
so far. 

The microstruc.ture of ‘die cast material is very considerably 
modified after it has b<‘cn reduced by hot forging to the extent of 
10 per cent. The resulting striictuni is shown in Fig. 67, Plate 9, 
under a magnification of 45 diameters, and in Fig. 68, Plat<’, 9, under 
* i?iX) diameters. Further modification of the microstructure occurs 
when the forged material is annealed at 480° C. The structure 
resulting from treatment of this kind for thirty minutes followed 
by quenching in cUd water is shown in Fig. 69, Plate 9 (by 150). 
Here considerable recrystallization has taken place, and in the 
dark-etching regions the occurrence of two constituents is clearly 
evident. « 

" The effect of rolling on the microstructiire of the alloy is very 
niarked. ^Thi.s is shown iiiFig. 70, Idate 9, under a magnific-ation of 
150, taken from* a broken down blank 0*75 inch thickj which has 
sub.seqiiently been annealed for.eighteen hours at 480° C., with a view 
to bringing as much as possible of the various comjiounds into 
solid solution.^ In order to return the comj)ounds in solution, the 
m^IerTal has been ((ucnched. It will be seen that in spite of this 
rather drastic treatmebt, a large amount of free compound is 



ALLOffS RESEARdh. 


129 


still present in the alloy. This ’is remarh'Jile ’n‘ view of the 
comparatively high Suctility which material in this condition 
displays. A sample of^, rolled alloy when the* thickness has further 
been rediiced^y 0- 2 inch is shown in Fig. 71, Plate 10 (by 150) air- 
cooled after roliS^?. The amount of compour^l whitdi appears to 
he j)resyit in Ihis structure is distinctly larger than that shown in 
Fig. G8, Plate 9. Finally, in Figs. 72, Plate 10 and 73, Plate 10. both 
binder a Jiiagriification of 500 diameters, are shown the structures 
of alloy “ Y” in the finished condition. Fig. 72 relates to material 
which has l)cen hot-rolled and heat-treated, while Fig. 73 refers 
to material which has been reduced in tlie later stages of rolling 
by c.old working and subsequently lieat-trcated. 

For purposes of comparison with alloy “ Y,” two micrograidis are 
shown in Figs. 74 and 75, Plate 10, which refer to alloys of modified 
composition described in Table 32. Fig. 75 refers to alloy 
“ W 871 ” containing C per cent of copper, 3 per cent of nickel, 1 
I)er cent of magnesium, in the condition as cast. Fig. 71 refers to 
alloy “ \V 817 containing G per cent of tiop^jlir, 3 per cent of nickel, 
and li per cent of magnesium after being hot-rolled down to a 
thickness of 0-34 inch and annealed for S^hours at 500" C. It is 
interesting to note in the latter figure that the elongated crystals 
formed during rolling have not become equi-axed in consequent' 
of the p'olonged annealing to which the material has been subjected. 
In otlier respects the alloy “ W 847 ” is very similar to standard 
Y " alloy. In the case of " W 871,” Fig.7 b.-a strongly marked 
dendritic striu aire is apparent, and this is not oft^n seen in castings 
of alloy Y ” itself. 

III(f/). Exfnisiou. 

In Sections III a, h and c fbove, an account has b^en given 
of the great difficulties which had to be overcoiiie in the early 
stages of thepiu "uction of bothalloys^ ' A ” (3/20) an«l “ E. ’ These 
difficuHP- mainly centred around the problem of forging and^ 
breaking down cast bilh'.ts and slabs. Once this st^ge had be!^n 
overcome, the further rolling gave no great trouble. In search^pg 
for a means of overcoming these initial difficulties, it occurred to 



130 


AL'LOYS llESEA.’^Cn. 


the Authors that tlu' extrusion' jnoccss might provide a means for 
bringing these apparently intractabh'. materials either into tlie 
finished condition recpiired for service, or at least into a condition 
corresponding to that of th^ rolled blanks, which wo;dd be readily 
anuuiable to furtln^r rolling or other treatmei),!*: Facilities for 
carrying out extrusion ex])(‘rnuents were ])laced at their disposal 
with great readiness by the British Aluminium Company, first at 
th(‘ir Milton works, and later at their Warrington works, and also 
by 8ir Cerard Muntz, Bt., on behalf of tlu* Muntz M(‘tal Company, 
of Birmingham. Although, as has been indicated above, the initial 
difiiculties relating to the forging and rolling of these alloys were 
subsecpiently completely overcome, so that recourse to tlu; extrusion 
process cannot now be regarded as essential to the ])roduction of 
the alloys, yet the large number of extrusion experiments which 
have been carried out have yielded results of considerable interest, 
and a bri<‘f account of tliem is therefore includ(‘d in the jiresent 
section. 

The earlier extrusion cjlperimcnts, carried out at Milton and at 
Birmingham, with a series of alloys of various compositions, showed 
that a large number of these alloys could be successfully extruded, 
but that for them the temperatures employed in the extrusion of 
* pure aluminium were much too high, while the pri;ssiires required 
for tlu; extrusion of these harder alloys were very much greater 
than those required for aluminium. As it was anticipated, and 
the antici])ation V<as soon v<;rified, that material extruded in 
relatively large sections could afterwards be readily rolled to 
smaller sections, the largest available dies were then used for the 
extrusion experiments. Thisi was done partly also in order 
tf) keep the ]>ressures on the rams in tlu; presses as low as possible. 
Ill order farther to diminish the pressures arising in the extrusion 
of these alloys, itiuch shorter billets than those ordinarily employed 
with pure ahufiinium were iisqil for the experiments. 

^ A good deal of difficulty was experienced in obtaining extruded 
mateiial free ^from longitudinal defects, leading to a laminated 
fracture when a bar was notched and broken by a blow. Further 
D'ference will be made ‘to this matter in connexion with the study 
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of tlio inioroatnir^uro and p]\vsi(.al prop, of extruded 
material. At an eari V sta^o of the extrusion expevniK'uts, however, 
it was realized that the cause of these def» (-(.s, whie-Ii occurred in 
many exl.rr.fh^d metals bchidc '.he sfe'-hil alhiys under experiment, 
requirtMl (••onsui ^ablo investigation. A series^ of experiments were 
therefore carru'd out in which soft jilastio substances built up out 
of di lie rent coloiinsl layers, were extruded from small model 
^,ylinders. The results of this research will b(‘ described elsewhere, 
as they have a bearinf^ upon many other matters besides the 
extrusion of light alloys. It may be stated here, however, that 
wliilc it is not suggested that the data obtainable by the extrusion 
of soft ])laMtic material are directly and quantitatively applicable 
to the (‘xtrusion of much harder materials such as alloys, V(‘t the 
results obtained proved a very useful guide in avoiding defects 
of the kind indicated. 

It appeared perb'ctly clear from the experiments in question, and 
was thoroughly confirmed by subsecpient experiments with actual 
alloy billets, that the longitudinal centrci defect leading to lamination 
in exi uded rod and bars is due to tlie drawing down into tlu^ bar 
of defects originally existing in the ingot, or drawing down into 
the bar jiortionsof the skin, particularly from the back of the original 
ingot. Two prc<u%utions were accordingly adopted which, to a very 
large c vtent, eliminated these defects. In the first place, the ingots 
were cast in such a way as to avoid as far as possible the formation 
of a contraction cavity. The. evil influence of thi^ contraction cavity, 
or of the enclosures which are formed when thi§ cavity is filled up 
by the ordinary proiM;ss of “ following up ” with molten metal, can, 
to a large extent, be eliminated by turning the top or feeding tmd 
of the ingot towards the die in the extrusion press. The drawing 
down of the rear surface of the ingot into the centre of the b^r can also 
be avoided liy jilacing between the ram of the pr^'ss and the billet 
or ingot a fin'Mon jilatc. This is .1. steel plabe which on the, side 
turned Upwards tlie ingot is provided with corrugations. These a|je 
driven into the metal of the ingot and prevent the flo^' of the surface 
layers. While these precautions undoubtedly diminish, even if they 
do not entirely eliminatf*, the defects in question, yet in commercially 
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TABLE 35. 

Alloys extruded at Birmingham and \f’'arrington. 



- - 






Compo.sition. 


Melt No. 

Diameter of 
extruded rod. 

Mg. Mil, Si. Cii. Zn. 

Bcl’.'iviour. 

- 





97-mm. diameter to IrJ-in. diameter (from sand east 4J-iii. diameter billets). 

Series A. 

Birmingham. 

W188 . . 1.^ inch j _ | _ i _ ; ■ 25 

WlUL . . „ t 0*25 I I — I n I 15 — 

W12:i . . „ I 0-5 I ! - ' 2*5 , 13 ~ 


123 mm. to 1.^ and 2-[ inch diameter. 

Series B. i 
Birmingham. ' 


W104 . . 1 

inch 

, 0-5 





15 

Sound 

W214 . . (, 
W234 . . ( 


0-5 

0-8 

... 

3 

- 


W216 . 

W217 . . r 


0-5 

0-8 

- 

4 

- 


VV235 . . 

,, 

— 

— 

— 

4 

15 


W236 . . 

•’ f 


— 

— 

4 

12 

” 

W237 . . 


0-5 


— 

3 

15) 


iV238 . . 


0-5 



3 

20 

Failed 

W2:39 . . 

,, 

0-25 

_ 


3 

20 1 


W240 . . 


■ — 

— 

— 

4 

20 

Sound 

W241 . . 

,, 

— 

0*5 

— 

2-5 

20 

„ 

W242 . . ' 

i 


0-6 ! 

; 0*5 


, 2-5 

i 

20 

Crack at 
one end 

W243 . . i 

2 iYicli 

— 

i — 


' 3 

20 

Sound 

W244 . . i 

111 

— 

' — 1 


1 3 

20 

,, 

W245 . . ; 

2|^ inch 

— 

i ! 

; 


1 ^ 

20 

- 

Series 0. i 
Birmingham. ! 

W2G2 . . 1 

inch 

• 

0*25 

1 

! i 

1 ~ i 


3 

15 


W203 . . 1 


0-25 

I 

— 

3 

15 



W471, 473/474, 476, E, P, G, (H.T.) compositions all failed. 

nj-ineh diat^eter to 4-ineh x '^-inch, and 6-inch x 1 J-inch s«otion.s. 

Series D & E. ^ 

^Warrington. 

B*(HT.). . r 0-5 ‘o-6 0-26! 2-6 20 

P(H.T.). . 0-5 0'5 0-80 I 2-6 20 — 

GtH.T.). . — 0-35 0*35 0*80 2*5 18 — 



AJ-T/.OYS RFsjhiliCl 


133 


(‘xtnided luaU'rial, ''.vlicrc such !>r(‘,oautio.Afl v ?\ot. Iilways taken, 
such lonpjitiidinal dotcc-ts arc very frequently found. They are not 
removed by subsequeut rolling or heat treatment of the extruded 
jnaterial, anji^for that re;\sori th(‘ Authors would })refer to see the 
use of extiudedr mat(U‘ial avoided as far as possible in the ease of 
the light alloys described in the ])resent llej)orts. 

Materials Extrvded. 

'Idle first S(Ti(i8 of extrusion experinumts at the Milton 
Works of the British Aluminium Company were confined to 
billets of alloy ‘‘ A” (3/20). At a somewhat later date, two 
li'iigthy s(*ries of l)i'dets of varying compositions were extruded 
at the Works of the Muntz Metal Com])any in Birmingham. 
Finally, in the latest extrusion experiments, billets of the 
alloy “K'’ and its modifications “F’" and “G’ were extruded 
at the 'Warrington works of tlie British Aluminium Company. 
The eom))ositions of the billets employed in the Birmingham and 
Warrington ex})erimentsarc stated, togSthei^’vith their identification 
nunil ers in Table 35. The same identification numbers are used 
in Table 3(1, where tensile tests on extruded and on extruded 
and subsequently rolled material are tabulated. The sizes of 
billets employed varied necessarily with the dimensions of cylinderi? 
and l ontainers available in the various ])resses. Those employed 
at Milton measured 5 inches in diameter, whih* those used ii^ 
Birmingham measured in one sericwS 97 mm. an(? in another 123 mm. 
in diameter. The billets extruded at Warrington* on the other hand, 
were (Ij inches in diameter and the experimental ingots were cast 
to those dimensi u:s. As already' mentioned, however, it was 
necessary to reduce the length of the ingots yitv eonsidera.d>ly 
owing to the excessively high pressure which woulil otherwise 
have bcei^ required. 

Mechanical Properties. 

The results of tensile tests on tlui material, b^th as extruded 
and aiti r further hot- rolling, and in some cases heat- treatment, are 
given, as already stated, in Table 30. 



I TABLE SQ.— Tensile Tests. 

Material extruded 8^ Milton, Birmingham and Warrington. 
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As regards- the alloy “A,” a»- tensile strength as high as 30* 5 ions 
per square inch was recorded in one case, while several oth^'r tests 
gave results approaching 30 tons per square^ inch. In vhesc cases, 
however, the elongation wa^ always considerably below 20 per cent, 
suggesting that the material had received a certain amount of cold 
work during extrusion . This view is confirmed by the*microstructure 
of such material (see below). Broadly speaking, it may be said that 
the tensile proi)(‘Tti(*s of the extruded maicTial, when in a satisfactory* 
condition, are closdy analogous to tliose of the same alloy when 
obtained by forging and rolling. The occurrence of the undesirable 
laminated structure;, however, is indicated in the Table by a 
number of abnormally low results. 

In addition to alloy “ A ’ (3/20), a number of other alloys of 
the ternary seri(;s, copper-zinc-aluininium, were extruded. These 
include the alloy “ B ” (3/25), and also an alloy containing! per cent 
of copper and 20 per cent of zinc. Neither of these, however, appear 
to present any very considerable advantage over alloy “A” (3/20). 

The next seri(;s of uMoys rt^present the effect of the addition of 
magnesium, varying from | to J per cent, to various members of 
the ternary copper-zinc-aluminium system. These, even after heat 
treating and ageing, do^iot present any material advantage over 
taltoy “A.” In the absence of copper (magnesium-zinc-aluminium 
scries) there ap])cars to be no age hardening at all. 

The most interesting group of alloys arc those of the type of 
alloy “ B.’’ In the extruded and hot rolled condition, after quenching, 
this alloy in one instance attained the remarkable tensile strength 
of 40*7 Tons per s<|uare inch. This is the highest tensile figure 
recorded in the present lleport. 

Impact Ttsis. 

t) 

A series of n pitched- bar impact tests have been made on the 
extruded material obtained fron\ alloy “ A ” (3/20). For comparison, 
similar tests have also been made on extruded material of alloy 
’ corrcspoijcling in composition to “ Jluralumin.” These tests 
have^ b^en made on the Charpy International test-piece, 10 mm. 
square in section, 40 mm. span, with a notch 5 mm. deep and having 
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at tlift root a radius of | miii. Tlie energy of Mic blow was 
3*5 kg.ii/xM. Test-|)>cc8 for these tests were cut from the material 
as extrudcu in various sizes from inches tc 1 J inch diameter, and 
both sound ^nd laminated material was employed. The sound 
material, as will be seen from the Table, gave results of remarkable 
uniformity, the impact figure being higher for the material extruded 
to the small diameter. A remarkable difference^ was, however, 
i)bs(‘rved betweem the laminated and sound material under tliis 
test. In order further to em])hasize this difference, test-pieces were 
cut from tlie laminated central portion of an extruded bar and from 
file sound })eripheral part of the same bar. It may a])pear at first 
sight suri)rising tliat the im)>act figures for the laminated central 
portions of the bar are in every case considerably higher than for 
the sound oxtiTiial ])ortion. If, however, the nature of the impact 
tests is considered, it will be seen that lamination must necessarily 
give rise to a r(‘latively high iinj)aet figure. To make this clear, it 
is only necessary to consider the case of a test-])iece madci up of a 
bundle of thin ])lates, Such plates, beyond the depth affected by 
the notch, beiiave as unnotched specimens and necessarily give an 
apparently high impact figure. 


Extrusion of Alloys F " and “ fV.'’ 

Some results of extrusion of alloy “ E ” have already been giver 
above. These refer to round rod, IJ inch in diameter, which was 
the only material of this kind successfully exttuded. At a latei 
stage, a series of trials were made with the object of extruding flat 
bars suitable for subsequent rolling into strips as required for th( 
production of structural sections used in aircraft. A first attempt 
in this direction, made at the \forks of the Muntz Metal Company 
Birmingham, failed comjiletely, showing that the extrusion of these 
harder alloys was a matter of much greater difficuity than in the 
case of such materials as alloys “A” (3/20) and “ B ” (3/25). Later, t 
very much larger extrusion press, c!apable of exerting jl total preSfflirc 
of 2,000 tons, became available at the Warrington works *of*th( 
British Aluminium Company, and further efforts to extrude fla1 
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bars were Jifadc with this jda'iit. The die first used gave a bar 
4 incJics wide by J inch thick, but extrusiofl through this proved 
difficult with the hard(?r alloys. Some sound, material was obtained, 
showing that successful cx,trusion should be possib^*, but on the 
other hand, the front ends of the bars were in several cases severely 
split, and a large amount of tearing and cracking at the edges, 
particularly at the corners of the bars, occurred. Somewhat similar, 
but still more marked, phenomena of this kind had been met within 
the experimental extrusion of alloy “A.” In that case, however, 
the violent splitting of the round bar after extrusion was found to 

TABLE 37. 


0*05 inch thiclc strip rolled from extruded Flat section 4 in. X J fw. 


Alloy. 

Yield stress. 

Ultimate stress. 

Elongation per 
cent on 2 inches. 


Tons per sq. inch. 

Tons per sq. inch. 


j 

l9-2 * 

33*9 

15 

F . . 

28‘3 

33‘G 

15 

( 

24f 2 

331 

19 

G . . 





26-8 

32*5 

17 


be due to the use of an unduly high temperature. It would appear 
as if the metal, aftev passing through the die of the extrusion press, 
is under severe latefal compression. If it is too hot, and consequently 
too weak to resist this pressure, it is liable to split in a remarkable 
manner. It was found in the (Vise of alloy “ A ” that reducing the 
temperature, rapidly diminished this form of failure, until at a 
suitably low temperature it was eltininated entirely. In the case 
of the harder allqys now under consideration, the temperature used 
was 340° C. to 3S0° C. At lowerjiemperatures the extrusion pressures 
were found to be excessively high. The difficulty in this case ap^Jcars 
to ftrise from friction at the corners of the rectangular section of the 
bar^ which seems to result in a tearing of the edge at intervals. 
As the bar increased in length during the process this tearing 
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diminished and the later portions of the bars were generally 
quite sound. Had it 6ecn ])OssibIe to extrude much longer bars, 
considerable lengths of .‘^ound material would liavc been obtained. 

Sufficient r^ind material of alloys “ F ” and ‘‘ G *’ was obtained to 
allow of reasonable lengths being rolled into strips at the Cardington 
Airship Works (now ll.A.W.). This strip was afterwards heat 
treated and tested. The results of tensile tests are given in 
Table 37. 

It will be seen tliat the tensih' b‘sts arc slightly lower than those 
obtaiiK'd from niat(‘rial of a similar composition prepared by forging 
and rolling. 

TABLE 38. 


0-05 inch ihld' nlrip rolled from extruded Flat Section 5 in. X I] in. 


Alloy. 

Yield stress. 

Ultimate stress. 

Elongation per cent 
on 2 inches. 


Tons per sq. inch. 

Tons 101 ^ sq. iach. 


j 

18-0 

39-4 

12 

E 




1 

28-1 

38-4 

o 

11 

1 

28-0 

34-5 

17 • 

Cr . . 





21-8 

33*3 

15 


\n view of the difficulties experienced in (fxtruding the bars 
having a section of 4 inches by | inch, it was decided to try extrusion 
through a larger die. The Biitish Aluminium Company very kindly 
had a die pre})arod having an aperture giving a bar of rectangular 
section 5 inches wide by 1 1 inch thick. With this die it was fouilTl 
tliat the 2 )ressures required wefc materially low(^ than^witli the 
narrower section, and somewhat more successsUd results were 
obtained, although the tcm 2 )eratur.i of extrusion 'could not be 
lowered very much. Even with these thicker bars, however, thcre^ 
was still a large amount of cracking at the edges, ai^ particularly 
at the comers. Again, these defects occurred mainly at the beginning 
of the bars, and larger amounts of the various alloys were obtained 
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ill th(* form ot .sound extruded Heetion.s. Example's of such fxtrudod 
liars liavinj^ defective ends but subsequently becoming .sound, are 
illustrated in Fig. 76,'riatc 11. ^ 

The results of tensile t^stson 0*05 inch thick .sti^n, rolled in the 
N.P.L. Mill from this lars^er extruded .section, and heat-treated and 
aged, are given in Table 38. 

It will b(‘ seen that the results are somewhat inferior to those 
obtaiiK'd from material of similar composition ])repared by forgin-g 
and rolling. 

Ih'forc' the completion of th<‘ exjieriments n'ferred to above, 
th<' problem of jirejiaring alloys “ E, ’ ** E " and “ Cl in the form of 
rolled strijis from ca.st and forged material had be<‘n .solved, and 
the exjiensive expedient of installing an extrusion jiress for the 
])relim inary treatment of tlnsse alloys could, therefon', be abandoned. 
The.se extrusion experiments were, therefore, not carried iM'yond the 
point described above. . 

r. 

Microdr udurc.i of Extruded McUcriol, 

Micro.scopic examination of extruded material in the case of 
all aluminium alloys investigated in tin* ])r(*sent res(*arc.h, shows 
' at once that tin* material has undergone a change as jirofound a.s 
that which occurs when a <*a.st .slab is rolled and forgi'd. Broadly 
speaking the micTostruedure of (‘xtruded matc'rial is similar to that 
of metal wliich has been annealed after hot working. There are, 
however, a few alhiornial features of con.siderable imiiortancv. The 
typical structure, of alloy “A” (3/20) after extrusion into round 
rods 1| inch and 2J inchex in diami'ter arc shown under a 
iffagnification of 150 diameters in Figs. 77 and 78, Flato 11 
respectively. Aimealing at 450° (’V produces no aiipreciable change 
in such a structuj^e as that shown in Fig. 77. In some cases the crystal 
boundaries of^the material afc curiou.sly corrugated as shown in 
Fig. 79, l^late 12 (x 150). This is taken from a rod 1| inch in 
diSmeter. Fjg. 79, and still more Fig. 80, Plato 12, show an 
abnormal feature whicdi is very frecpiently seen in extruded rods. 
This is the presence of large elongated are'as enclosed in a well-defined 
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boundarj% and soniotimos appearing to he filled wijli admass of very 
iiiinute crystals. ^ 

Annealing, even atcr temperature as high as 450° C., does not 
cai 3e tliese IfjA^e elongated areas to br«ik u]) or disa])])ear in any 
way. Either it p|'odiices no effect wliatever in some cases, it 
caiis(‘s ^le disappc'aranee of the internal network within the 
elongat(‘d “grain.'’ The latter c.as(* is illustrated in Eig. 81, Plate 10 
(•X 150). Fig. 82, Plate !•*> is taken from the core of an extrud(‘d rod 
showing a considerable amount of lamination. This flaw a])pears to 
contain fragments of metal, but their failure to coalesc(‘ on annealing 
suggests that they are surroiind(‘d by layers of non-ni(‘tallic material 
such as oxide or dross. The porsi.stemn' of the elongated “ grains 
seim in the bettiu: samples of extruded rod, may also be due to the 
fact of tli 'ir being contained in envelopes of non-UK'tallio matter. 
They suggi'st the app(*aran(U‘ of “ sacks “ of crystals enijlosed in an 
envelojie which acts as a barrier to rcc-rystallization. These elongated 
grains are jirobably mildi'r examples of the defect whi(;h in the more 
seriou'^ cases take the form of the fla*ws rllustrated in Fig. 82, 
Plate 13. 

The general features referred to above^are common to all or 
nearly all of the alloys whiidi have* been tested under extrusion. 
In some cases, however, additional features make themselves felt. 

In the case of alloy “ B ” (3/25) a hard dark-etching constituent 
makfs its appearance, and under high magnification this is found 
to have a finely-laminated eutectoid striictifre. This is the 
decomposed /3 body of the copjjer-zinc-aluminium system, which 
here exists in a meta-stable condition. Its appearance is illustrated 
in Fig. 83, Plate 14 under a magnifiemtion of 600 diameters. 

The microstnictures of alloys of the types “ E,” “ F *’ and (il?” 
after extrusion andsubsei^uent nJIlinginto strip are 'illustrated in Figs. 
84 and 85, Plate 14 under a magnification of 150 di<imeters. In the 
case of Fig. 84, the etching reagent^ (nitric acid, 25^ per cent) was 
so cliosen as to indicate as clearly as possible, the presence of thj 
hard dark-etching constituent. In the case of Fig. 8^ on the otfier 
hand, the etching reagent employed (10 per cent caustic pot{«5li) 
was selected for the purpovse of develofniig the crystal boundaries. 
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111 the lattof niodf* of ctchin^L however, the dark constituent is 
unduly severely attacked so tliafc it appears to be present in 
excessive amount. 

111(e). aud Comparative Data for Wrou()ht Allopfi, 

In the four ])recedin" sections of tlie present R('poi*t, a larere 
number of data Iiave Immui ^iven coma'rninj]; tin' pliysical and 
mechanical ])roperties of tin' various alloys studi(‘(l. Tin' neo('Ssity 
of describing these pro])crti<'s for each alloy in turn, however, 
makes it very difficult to formulate any estimate of the relative 
values of various alloys when (‘onsidered from different points of 
view. In the present section, therefore, the n'sults obtained from 
each of the alloys in typical tests have been tabulated and 
summarized as briefly as possible, in order fo facilitate comparisons 
between tin* various materials. 

, fTensile Tests. 

I'he ])roperties of alloy “A as revealed by tc'usile tc'sts on the 
material in various sizes and conditions, are tabulated in Table 3b. 
The data there given a'nay lie taken as repres(‘nting mean values 
I dV-rived in many cases from a very large number of tests. Much 
higher values have been obtained in specrial instances in nearly 
every case, but tin' data given are thosi' which can bt' n'adily 
ol)tained in ordinal^ manufacture. For tlu' purpose of drawing up 
spccifi(;ations for example, these data might safely be employed, 
])rovided that a small margin 1.4 left betw(‘en the s])ecification 
figures and those given in the Tabh*. 

•r In the above Table, the data n'ferring to Elastic Limit ” state 
the stress in tons,j)er square inch a^ which the jirst departure from 
Hook’s law was^ observed by means of a delicate extensometer ; 
the figures, thmefore, represent the “ Limit of Proportionality.” A 
column has also been included headed Limiting Proof Strc'ss.” 
1 'Ias has been done in view of 'ohe adoption of the term “ Proof 
Stresi^” in jilace of “ Yield-Point ” for non-ferrous alloys, and other 
materials not showing the ordinary typical yield-point of mild 
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st('el, l)y tlio Blit isli Eiigiucoriiig StandardH Assor.iation (Joiunvittops. 
The limiting jiroof-stroiss as shown, in the Table is the str(‘ss which 
is just insufficient to ;)rodu(ie a jiernianent deformation of 
cent on a ^ar^e length of 2 inches. It has been fletermined by 
applying succ.esdvely higher stresses and not big wliether or not 
piu'nmnent deforniation lias been ])roduc.(‘d at (‘ach ste]). The 
values given under ‘‘ Yield Stress ’’ are those obtained by tlic 
ordinary method of watching a tensile test-pie(;c carefully with 
the aid of dividers, and noting the stress at which tin* first visible 
deformation takes ])lace. The values are admittedly vagin*, buf are 
retained for jiurposes of comparison. 

The tensile properties of alloys ” E/’ “ F" and “G” are 
summarized in the same manner as those of alloy “A" in Table 40. 
Of these, the softest modification, “ G," ivas not available 
otherwise than in the form of sheet, so that data on rod of this 
alloy are not included. 

It will be seen that these alloys, with varying composition and 
treatment, give a very wide range of properties, reaching a maximum 
at 40‘ ' tons ultimate stress in the case of alloy “ E ” (pienched from 
400° G. and aged. It will be seen, however, that this involves 
the use of a quenching temperature which is rather higher than tln^i 
regarded as advisable in view of the work on “ Season Cracking.” 
It is quite possible, however, that further work will show 'that 
quencliing from this temperature can be safely employed. Quenching 
from a lower and perfectly safe temperature suen as 350° C. leaves 
the alloy only slightly weaker (ultimate stress 37*8 tons per square 
inch), and with a correspondingly greater elongation. There would 
seem, therefore, to be every advantage in using this lower quenching 
temperature. 

The tensile properties of alloy Y ” are summarized in Table 41 . 

Finally, in Table 42 typical data for the diHerent alloys in 
conditions suitable for various uses are placed side by side for 
comparison. ^ ^ , 

While a comi)arison of the kind instituted in -ohat Table is 
somewhat of an arbitrary nature, since the particular condition 
selected for each material might reasonably be varied, it vet suffices 



TA'BLE 41 . — Summary Table. Tensile Tests. Alloy “ 1 ” (Density 2*80). 



All in tons per square inch. 



TABLE 42. — Comparison of Different AUoiis — Tensile Tests* 
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to show the tyjhcal differences between tlie various alloys (Jcscribed 
in the jucsent Report, and their relative position as compared with 
the well-known alloys of the “ Duralumin ” fype. Tliis comparison 
is so easily made in the Table that no further comment is required. 
From the ]>oint of view of tensile strength alone, however, it is 
possible to express the relative values of the different alloys ,in terms 
of what has been defined in the Tenth Report to the Alloys Research 
Committee, as Specific Tenacity,” which is the tensile strength 
(ultimate stress) in tons ])er square inch divided by the weight of 
one cubic inch of the metal in pounds. Expressed in another way, 

TABLE 43. 


Alloy. 

Condition. 

! Specific 
j tenacity. 

i 

Milos ; 
supported 
vertically. ! 

A 3/20 . . 

1 

j Kolled, 29 tons per sq. inch. i 

2G2 

r ! 

E (ir.T.) . 

( Kolled, '.'leat 'treated, 39 tons V 
[ per sq. inch. / 

3G0 

12-G 

Y . . . 

( Rolled, heat-treated, 27 tons V 
{ per sq, inch. / 

2G8 

9 

Duralumin . 

( Rolled, beat-treated, 27 tons 1 
\ per sq. inch. ) 

268 

9 1 

1 

Steel . . 

' Rolled, 30 tons per sq. inch. 

105 

3-7 1 


this same property can be stated in terms of the length of a rod or 
wire of the material which, ^wlien hanging vertically, is 
just able to support its owm weight. These data arc given in 
T^ble 13. ' 

Strength at Low *'Iemperatufes. 

In view of low temperature to which aircraft, structures, 
etc., are sometimes exposed ia service, tests have been made on 
the strength of various wrought alloys described in the present 
section of thistRcport, at low temperatures obtained by immersing 
then in frozen carbon-dioxide. The tests were made after ten 
mi.nutcs exposure to this low temperature (— 80° C.). The results 
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are shewn in Table 44, which shows the result^ of tensile tests 
at the ordinary temperature and ~ 80'’ C. jdaced side by side for 
comparison. It will b« ..een that alloy “ A” is slightly stronger and 
harder at tht^ low temperature, than avthc ordinary temperature. 
In the case of alloy ‘‘ E’' there is only a very slight increase in 
tensile latrength, but the elongation is slightly larger than at the 
ordinary temperature. Tn the case of alloy ‘‘ D,’’ corresponding in 




TABLE 

44. 


Alloy. 

i Test temp. 

1 

Yield stress. 

Ultimate stress. 

Elongation 
per cent un 2 


1 

1 

Tons per sq. in. 

Tons per S(p in. ] 



i irF c. 

16-70 

26-60 ' 

1 

18-0 

A 



30-00 ' 

13-5 

(3^20) 

1 



1 

~3oni. 

1 18-90 

29-30 

13-0 

1 

J5 C. 

i: 

21-55 

40-65 ; 

• * ! 

9-0 

F 1 


83-10 

42-90 

12-0 


i' -80® C. 

35-40 

43-80 

12-0 


I 


• 1 



1 15" 0. 

14-20 

25-30 1 

25-5 

I) ! 

1 

1 

|| -80" C. 

13-65 

26-10 

26-5 


composition to Duralumin, there is praeticallv no difference. In 
no case can it be said that the alloys are appreciably affected 
by the low temperature. 

Fatigue Ranges. 

The fatigue ranges of a^whole series ©f alloys have b6cn 
determined by the Engineering Department of the Laboratory by 
means o^ the Wohler test, using a tubularo test-piece. The 
determinations have been made boeth at the ordinary temperature 
(20° C.), and also at a slightly elevated temperature (150° C.), ^n 
view of the possible use of these alloys for the w^)rking ^arts of 
machinery exposed to slightly elevated temperatures, such, for 
instance, as the connecting rods of aeronautical or automobile 
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onpinos. Tho rpsiilts of iho tosts, oxprossod in te'ins of ';,ho safe 
rari"(‘ of alterniitintjj stresses whicih the mater. al miglit, as the result 
of the Wohler test, he expected to endure Mefinitely, are stated 
in Table i5. The safe ralij^es are ex])resscd in to.\s ])or square 
incli, representing t];e limits of alternating compre.ssion and tension. 

The alloys included in the above Table are not only thoi:e wliich 

TABLE 45, 


Fifiigve Tesitt ( Wohler Meihoil) on Wrought Alloys. 


Material. 

Safe range of alternating stresses. 

! 

Hot-rolled Hod, 1 inch diameter. 

20^ C. 

150" C. 

Alloy A (3/20) .... 

± 8*7 

±4-5 

Alloy B (3/25) .... 

d=10-5 

-- 

Alloy E* 

± 9-7 

±V1 

Alloy Y* 

± 10-2 

±8-4 

Alloy Y,* 

il0*3 

±8’2 

Alloy Y„* 

± 9-0 

io-.o 

Alloy D/ . 

i 

dbiO'5 ; 

i7-2 

Alloy D* 

±10’5 

i7'!) 

Alloy Hj* 1 

j 

± 10-2 

±5'() 

Alloy M . . ^ . 1 

± 9-0 

i7.0 

Alloy K . . y . . 1 

i _ ___ 1 

i G‘5 

t. 

±r,-r, 


* Ifoat-treated and aged. 


haVe already been d<..‘.scribed in the earlier section.s of the present 
Report, b\\t a nurhber of others have been included for comparison, 
or for the purpose of studying the effects of minor mo^difications 
of composition, which, it waschoped, might favourably influence 
tjicir resistance to fatigue, particularly at elevated temperature, Tlie 
compositions o^ the alloys “ A," ‘‘ B,” “ E, ’ and “ Y ’ are as stated 
in tljir earlier portions of the present Report. Alloy “ Yi ” corresponds 
in c omposition witli tlie normal alloy “ Y,” but with the addition 
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of i per (M‘nt of nuin^ancse. Alloy * has tho same addiiion of 
inaii^ar.rso as alloy “ hut iiNo an addition of 0*75 per cent of 
silicon. 1 1 will ho seen that neither of those additions have ira}>rovcd 
til. fatis^uc resisi-ance of the material at hij^li tomj)eratures. For 
juirposes of coin])arison, tliree alloys of the ‘‘D” type, resembling 
Durahiniin, hav^e »'»e(‘n included. The compositions of theses alloys 
are similar to those of Duralumin, but in the case of alloy “ D^ ” 
yie ])roj)ortion of (•,o])per })resent was 3 per cent, in ‘‘ 5 per cent, 

and in 1) j.” (I jxt cent It was hoped that possibly the increase of 
cojiper content would stiffcm the alloys at high tenijierature as against 
fatigue stresses, much in the same way as an increase in coj^per 
content appears to stiffen castings under the t(‘.nsile t(ist at high 
temperatures. It will be, seen, however, that the actual results 
have b(‘en the reve.rse, at any rate, when the alloy with G per cent 
of ( opper is compared with the softer alloy containing only 5 per 
cent ol copper. Alloy ** M" c.ontains copper 2 per cent, nickel 1‘5 
j)er C(‘nt, magnesium 1 per c<'nt, with the usual impurities (iron and 
silicon). This corresponds very closely tc the illoy sometimes known 
under di(‘ name of “ Magnalite.” Alloy “'K " contains 6‘ 15 percent 
of magnesium and the normal impurities (iron and silicon). It 
will be seen that neither of those alloys afford any exceptionally 
useful ])roperties in ri^gard to fatigue resistance. • 

A gf’neral comjiarison of the figures given in the above 
Table 45 serves to establish the fact that frtim the point 
of vie.w of fatigue resistanciL particularly at somewhat elevated 
temperatures, the alloy ‘‘ Y ” is superior to ♦xny of the others 
which hav(* bcmi tested. It may perha])s be suggested that the 
difference between a material having a fatigue range at 150° C. 
of ± 7' 9 tons per square inch and one having a fatigue range of 
+ 8*4 tons per square i nch is not very great. It must be pointed out, 
however, that the results of the present research as embodied in 
the above*Table make it very clear that even small differences in 
the fatigue range at elevated temperature are difficult to obtain ; 
even comparatively large changeS in composition appe-ar to affect 
this property to a ver^ limited extent, so that the dlffere’hce in 
question, amounting to about 6 j)er cent in favour of alloy “ Y,” as 
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against the lost of the other alloys shown in the ^,hove "faMe, is 
of some value. Another result shown in tlie, ...bovc Tabh‘, although 
not of a particularly satisfac'.torynaturej isthe- | let that the very much 
stronger alloys of type“E.” which under the ordinap" tensile test 
show so great a sup(‘riority over such materials as ‘^A,’ “ Y * and “ 1), ’ 
give disa])poInting results as regards resistance to fatigue ^tresses, 
even nt the ordinary temperature. The real reason for this remarkable 
dis(‘r(‘pancy in jiroporties has not been established, and is a matte” 


TABLE 4G. 

Comiwemlon Testa on Channel 8. 


1 Alloy. 

1 „ . 


Load. 

liuckling stress. 

i 

1 

i 

Tons. 

Tons per aq. inch. 

Alloy y . . . 

( 

•|, 

M71 

1-259 

1 

13-20 

11-10 

1 Duralumin (Vickers) 

1 

1 

.i, 

ij 

0- ir.M 1 

1- KU 

{ 11-15 

13-07 

j 

Alloy A (3/20) . 

1 

■ 1 ^ 

1-409 

1 -001 1 

. 10-50 

18-02 

! AHoy Cr . 

‘ 1 

1 -O-ii) 

1-719 

18-31 
t 19-32 

1 

Alloy F . . . 

/! 

ij 

1- 8(v> 

2- 130 

20-97 
■ 23-90 

i Alloy E . . . 

' • 

1 

'ij 

2-020 

2-l<X) 

22 - 72 

23 -02 


calling for further investigation. In this connexion it may be 
desirable to points out that the behaviour of thesi; alloys under 
direct compression is quite in accordance with their behaviour 
under tensifm, so that weakness in compression alone cannot be 

cited as the cau^e'of failun; under fatigue. 

e 

0 Compression, Tests. 

Results of compression tests made on S[K‘cimens pr(‘j)ared from 
hot- rolled rial of alloy “ A have already ))een describ(‘d. Actually, 
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however, liglit alloys, as a rule, are exj)os(‘(l io eoinpn'ssion stresses 
mainly in tlai form of i hannels or seetions such as are employed 
in the eonstnietion o sj)ars or airsliip girders. Wluui, therefore, 
materia] in th torm of channels and oth r sections luauiriu* available 
for ex])erinient., compression tests on tlui material in tlu‘se forms 
were iiT»dertak(‘n. Tlie tests were carried out at the Royal Airship 
Works at ('aldington, and the results are shown iji Table K>. The 
iiiat(U*ial us(‘d was (diannel, which had been ))rodiiced from rolled 
strip by bending in a roll-bending machine. It had a thickness 
of inch. Of this channel, (i-incJi lengths were taken and the 

(‘lids S(piar(*d olT ]>arallel to eae.h other and at right angles to the 
centre line of the e.hann«‘l. They were tested with free ends between 
ball e('nti'i‘s p!ac»'d at the centr«‘S of gravity of th<‘ channel sections ; 


FfG. HG. 
16MM.- H 



the hmgths betw(‘en the ball cirntn'S was 7] incJies, and the cross 
sectional area of the channel O'OSl) square inch. A section of the 
chaimel is shown in the sketch, Fig. 85. 

It will be S(‘en that the results shown in tin above Tabl(‘ bring 
out in a remarkable manruT the superiority iflid(‘r this kind of 
compr(‘SHion stress of the harder and stronger* alloys who.se 
develoj)m(‘nt has been described bi the ])resent Rejmrt. For 
])urposes of comparison, a sam]>l(‘ of Duralumin (manufactured oy 
Messrs. Vickers, Ltd.) has been included in the teso. It will be seen 
that the buckling stress of the channelof alloy “ E ” hs aiiproximately 
double that of this comparison specimen. Even alloy “ Y,” whose 
tensile strength is not very much higher than that of the sample 
of Duralumin in question, shows a distinct ad'^antage unSer 
compression. Since it is generally admitted that in the construction 
of rigid airship structures particularly, failure usually occurs by 
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l)u<ikling iindor a oomim'ssion ‘stress of the kind einployed. in these 
tests, tlie iinportanee of these results is not'*,o he underrated. 


General Pk')pn‘tics. 

Apart from the quantitative data set out for pur-poses of 
eoiu])arison al)ove, a large number of properties of these various 
alloys have been described and discussed throughout the present 
section of tlu* Report. On the basis of these geiu'ral qualities, it is 
not t‘asy to form a definite com[>arative opinion. There can be no 
doul)tthat as regards ease of manufacture alloys^ A” and ‘‘ Y" are 
distinctly su])erior to those of the type “ E,” “ F and ‘‘ (1.” Ontlie 
oth(‘r liand, the latter alloys posses.s certain valuabh‘ ])roperties whicli 
may, ])('r}ia])s, make it worth vvdiile to ov<‘rc.ome the slightly greater 
manufacturing difficulties connected with their production. That 
all the materials in question can be, and actually have Ix'en, produced 
in industrial practice, establislies the possibility of em]>loying them 
for engin(‘eririg [miqxses where their j)ro])erties ai’e particularly 
useful. The limitations as to careful treatment wliich are rc'quired 
by all those alloys needing heat treatnuuit, and also by alloy “ A ” in 
order to sah'guard it against the risk of “ scuison cracking,” have 
‘ been fully discussed above. Probably the most serious limitation 
which is likely to arise in connexion with alloys ‘A,” “E,” “F” and 
“ (f,” is tliat relating to their tendency to undergo serious corrosion if 
exposed to sea water or other s<*,vere conditions. The nec,eBsity of 
j)rotecting them darefully from such ex]) 08 urc, tuther by stdection 
of the circumstances in which they aie enqdoyed, or by covering 
them with a satisfactory protective coating, has already been 
indicated. It musttbe borne in mind that evei^ steel is liable to 
si'rious and ra])kl corrosion under severe conditions, yet this 
limitation has n 4 >t seriously hindered the apj)licatiion of steel in an 
enormously wifle range of. engineering uses. On the other hand, 
there (^an be no doubt that alloy ‘‘ Y,” while still possessing valuable 
mechanical prt perties comparable, if not superior to, the best of those 
hitkirto obtained with other aluminium alloys, combines with them 
a very remarkable riJsistance to corrosion. Another consideration, 
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whic-h in}».y j)orli.i|)s fTovom the choice of alloys fur variolis purposes, 
is that of their ae.tual < ensity. Fr ou th(‘ point of vi(‘w of relative 
strength ami wch^dit o^j tln^ material, Table 13 above, relating to 
the specific, i.erac-itii's of the alloys, gives iata uponwhic-h a rational 
e.hoic.e can in' ma(h‘. At the same time, it must be recogniziHl that 
for cert .am ])ur])os{‘R' a lighter alloy, even if specifically weaki'r, may 
be prehirable in vi(‘w of tlie fact that it can be employiai in thicker 
sci^’iions whic.h an* not so liable to local damage, (‘to. From this 
point of vi(‘\v,the slightly higher density of alloys ‘'A,’' “ E," ‘‘ F” 
and Cr* is a correspondingly slight disadvantage; on the other 
han<l, alloy “ Y” is as liglit as any of the stronger aluminium alloys 
which have yet been produced. 


Seotiox IV. 

Permanrnte of the Alloys. 

(a). Afff'hifj, 

A ('.< rtain amount of doubt has b(‘en throwm, from time to time, 
upon the reliability and jiermanence of aluminium alloys. The 
very (‘Xtensive and successful use of certain alloys for aircraft and 
other purpfises connected with warfare has, during the past few 
years, tj a large extent removed the doubt. At the same time 
the phenomena, which have now become well known, of age 
harde ning which occur in C(‘rtain alumimiun alk)ys, notably those 
containing magnesium, suggest that these allofs are capable of 
undergoing changes at the ordinary temperature which bring about 
very important modifications in their physical projierties. Whatever 
interpretation may be put upon these phenomena, they undoubtedly 
indi(;ate tliat most aluminium alloys au ordinary t^ipera^ures exist 
in a condition in which internal changes and rearrangements can 
and do occur. The question is, therefore, a natural one whether in 
the course of time these changes, which at first produce results^ 
markedly beneficial to the physical properties of <the material, 
may continue or may alter in character with the effect of bringing 
about a deterioration. Throughout the present research the 
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Authors liavo kopt these questions before tlieiu,' and a number 
of s])ocial experiments have been made witlv'a view to testing what 
changes, if any, are undergone by some of the more important 
aluminium alloys in tlie course of time. The very jwolonged period 
of time through wl;ich the present n'search has beem extended, has 
enabled them to mak(‘ tests upon the same material at intervals in 
some cases of more than ten years. The e.vidtmce which they are 
able to juesent as to the permammee and stability of the alloys'is 
therefore particularly important. It will be seen, on ]>erusing the 
present Section, that on tin* whole tin' evidence indicates V(‘ry 
clearly that the alloys, while undergoing certain changes which 
generally tend in the direction of increasing the hardness of the 
mat(‘rial, do not diderioratc to any ap})r<'c.iable extent within the 
period of time cov(‘red by the observatioirs, while in regard to 
ret(‘ntion of shape and dimensions they ar(‘ adequately stabh' for 
all practical jmrposes, with the possible exception of such uses as 
accurate standards of hmgth. 

The changes whieil are found to occur in certain of those alloys 
which have been studied for a sufficient length of time, all appear 
to lie in the direction of an increase of hardness, together with a 
slight diminution in ductility as shown by extension under a tensile 
test. This gradual h:.rdening in the course of time, aj)pears to be 
somewhat analogous in nature to the age hardening which occurs 
usually in four or five days in certain alloys after they have been 
quenched from a sflitable temperature. The nature and mechanism 
of this age hardening has been very fully studied and discussed by 
the Authors, an account of their work being given in Section V d 
of the present Report {see page- 2.^5). As is there shown, it a])pear8 
t5 be due to the g»adual separation from a state of solid solution 
which is stable At a high temperature, of a dissolved substance in 
a very finely dis^iersed condition. The condition that sqch a change 
can occur in an alloy after more or less rapid cooling, is that the 
^dissolved substance in question shall be more soluble at a high 
temperature than it is at the ordinary temperature. When this is 
the^ case, relatively rapid cooling will retain more of the dissolved 
substance in solution than can remain in that condition in a stable 
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state, ai>d tlicr<^;s a tendency for some of it to Lecoine separated in 
a finely divided conu tion, thus producing gradual hardening of 
the alloy. It appear probable, although It has not yet been 
definitely estjl;)li8hed, that the relatively slight amount of ageing 
which occurs in such material as alloy “A’’ in th^^. wrought condition, 
and in s'^mewhat siinilar alloys in the cast condition, is due to the 
separation of the copper-aluminium compound CuAl 2 . If this is 
correct, the amount of age hardening which will take place in a 
given s])ccimen of alloy depends very largely u])on the rate of cooling 
to which it was exposed after last being heated to a temperature 
in the neighbourhood of or above dOO*" C. It is not surprising, 
therefore, to find that various samples of the same alloy give 
somewhat different results in regard to ageing, since the exact 
conditions of cooling have not been regulated specially from this 
point of vi(‘W. 


(i) Cad Alloys. 

Attention was first drawn to the fact that the physical properties, 
as revealed by tensile tests, of certain cast alloys undergo gradual 
change in course of time, when it was sought to establish the physical 
properties which could reasonably be demanded in a specification 
for a casting alloy for general purposes. Reference to these physical 
properties lias already been made (sec page 16). It so happened, 
indhe eerlier stages of the present research, that test-piece castings 
had been prepared at a time when it was not possible to carry out 
tensile tests upon them immediately, with the result that in some 
cases tensile data had been recorded from samples which had been 
stored for several months before- being tcvstcd. When it was 
subsequently attenipted to repeat these results by means of test- 
pieces cut from freshly cast material, it was found' impossible to do 
so, and on ^looking into the matter it was quickly -discovered that 
the alloys undergo a decided improyement in tensile strength as 
the result of a few months’ ageing. ^ The alloys in question arc thos% 
containing from 2 to 3 per cent of copper and 12 to 15 pt/r cent of zinc, 
including the alloy now generally known as “L5,” and another 
(alloy “C ”) containing 3 per cent of copper and 15 percent of zinc. 
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The results 'of tensile tests on sand castings of tliesr two alloys when 
freshly made and after seven to ten months' ageing arc tabulated 
iji Table 47. e 

Inspection of the above. Table shows that in llvt^out of the six 


TABLE 47. 



Yield stress. 

Maximum stress. 

Elongation 

Age. 

Tons per 
square inch. 

Tons per 
, square inch. 

per cent op 

2 indies. 


Alloy “ L5.” Cast 1 in. diameter. 


9 clays 

fi-8 

8-5 

3-5 

9 days 

. . . 7-9 

9.7 

2-5 

10 months 

. . ' 11*4 

12- 1 

- 


Cast to shape. 


9 days 

... 8-7 

; 11-8 

20 

9 days . . 

8-7 

! 11*8 

2-0 

10 mcniths 

. . ' i2-3 

12-7 

1-0 


Cast 1 in. diameter. 


9 days 

60 

9-3 

20 

, 7 months . 

. . . 11-8 

124 

1-0 


Alloy C (3/15.) Cast 1 in. diameter. 


4 day . . 

. . , 4-5 

10-8 

2-5 

8 months . 

... 8-8 

13-7 

- 


^ Cast vertically g in. 

diameter. 


C days . • 

... 71, 

, 13 2 

2*5 

9 months . 

. . 15-8 

17-0 

2-0 

6 days 

Cast vertically 1 in. 

. * . 7*4 1 

• 

diameter. 

13-# 

3-0 

9 months . 

L 

. . . 11-3 

• 

1 17-4 

3-0 

c 


cases ageing has resulted in an improvement in tensile strength of 
tlie order of iO per cent. Little can be said about the change, if 
any, which may occur in ductility, as the amount of extension in 
these samples is so small that it cannot bo relied upon to furnish 



Hardness Briuell No. 
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data sufficient 7 accurate for compausoii. Jt is interesting to note 
that in one case tlic ir )rovcment in tensile strength only amounted 
to 8 per cent, but in tl .t instance tin*- tensile strength of the freslily 
cast material A'as a])preciably higher than in the others. In 
this ])artieular ease the test-pieces ar<‘ described us having been 
cast to sliaj)e. 'ilus means that instead of being cast in the shape 


Flo. 87. "i/unZnm [Hrvnell)^ Ageing. 



of parallel bars, from which test-pieces with screwed ends were 
afterwards machined, these particular samples were cast in the 
shape of should(‘rcd test-jiicces which only required slight machining 
for purposes of accurate finishing. The higher tensile strength of 
the freslily cast material thus cast in a thinner s(‘ction is, of course, 
in accordance with general ex])erience with thest; a\d indeed \7itTi 
most alloys. The fact that subsequent ageing does not imjTove 
these results to the same extent as those obtained with thicker 
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castings, suggests that tfie rate of cooling of the tl^v'hvnor i)ieces has 
been such as to bring the material already into a condition 
npproximating to that which it would other ?isc attain as tlie result 
of ageing. Mu(di more complete* investigation of the w]ij»le plu'nomena 
of ageing, liowever, is required before it is jiossible to olT(‘r any more 
detailed interpretation of this example. 


(ii) Wro\njhl Alloys. 

llefeTcnce lias already been made in Section 111 (a) of this Re])ort, 
(b'aling with the |)reliminary investigation of ternary alloys of 
co])])er, zinc and aluminium, to changes in the elastic limit, ultimate 
stress and elongation, which certain of these alloys in the hot-rolled 
condition have undergone as the result of t(‘n years' agi’ing. The 
changes there shown indicate a distinct inqirovemcnt in tensile 
properties accom])anied by only a com])aratively small reduction of 
elongation. Similar aeries of changes are shown by hardness- testa 
made by the Brinell Rifll im thod, results of which are incorporated in 
the graph of Fig. 87, (page 159). In that Figure the Brinell hardness, 
both of the alloys when aged seven months and when aged ten years, 
is plotted against zinc hontent. It will be seen that all the alloys 
undergo very definite amounts of hardening, and that on the whole 
the amount of this hardening is greater with high zinc content. 
These figures, however, relate to the difference between the alloys 
after seven monthsi and ten years’ ageing, and considerably greatei 
differences would probably be fouiul if the comparison were between 
material aged ten years and that freshly made. The above hardness 
tests refer in all cases to inaterij^l whi(di has been hot rolled to 1| inch 
diameter. It will {)e seen below that material, in this condition 
undergoes ageing to a considerably' less marked extent than the 
same alloys in the form of thin sheet. 

The whole question of ageinj;, particularly of hot-rolled material, 
has re(;eived much more attention in the case of alloy “A” (3/20) 
^Ifore tests, b^th of freshly made* material and of material aged foi 
various jjcriods up to 1,750 days (nearly five years) are available 
These tests, which are tabulated in Table 40 relate to th< 
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alloy in the foru of very thin sheet ((t 05 inch thit-k), thicker sheet 
(0*01 inch thiek), rolled rod 10 ireh diameie^-, and reetan<^ular bars 

ineh wide by IJ iiieh thiek. 

]ns])eetioii of the Table shows at onet* that is niuch more 

marked in thin shud than in the thieker mi),teriid. Tt is quite 
possible tliat this diflerenee in b(;haviour on a^n‘in<f is eonneeted with 
the fact that thin sheet when hot rolh‘d necessarily unde!rj]jo(‘.s much 
more ra])id cooling than thicker sheet or than rtOatively thick bais. 
Th(‘ actual a^nnn^^ (‘fIVet in the thinnest sh(‘e(., thickness 0'()5 inch, 
is very mark(*d. The material as rolled varies in tensile', strength 
from about 27 to 2b tons pe^r S({U.ire inch, with elongations varying 
from 15 to 20 per cent on 2 inches. After .several years' ageing, 
the average ultimate strength of the thin she(d rises to well above 
52 tons per s([uarc inch, together with a still fiiore marked rise in 
the yi(‘ld stress. Although, as has b('(‘n ])ointed out in the. 
introduction to the present lleport, these values for yield stress 
cannot be regarded as having any v(‘ry exact significance, the rise 
in the figures shown is so marked that it clearly indicates a hardening 
of the alloy and a considerable increase in its clastic range. This 
very marked increase ir^ tensile stnmgth and stiffness is accompanied 
l^' a relatively small reduction in the ductility as indicated by the 
elongation on 2 inches. The lowest value found in the aged material 
of tfi in sheet is 13 per cent, the average being 1 5 ]>er cent, as compared 
witli a minimum of 15 per cent and an average of just over 17 ])cr cent 
in the relatively fresh material. These changes in tensile strength 
and ductility are comparable wit[i those undergone; in a few days 
or even hours by alloys containing magnesium which have been 
suitably quenched. ‘ 

In the thicker ‘•sheet, thicknesj} O’! inch, the* results available 
are not ft) stri(;^ly com})arable because tlie t(‘sts on aged material 
are not made ort actual j)ieres of the same* sheet, as those ’’epresenting 
th(' condition immediatc'ly a-ftcr rolling, except in tlie case of one 
.^sample, which unfortuiiaiedy Jiad an abnormally low ductility 
(elongation) 'S lw'n frfshly made. In this latt(‘r sample the elongation 
in \)e‘ aged mat(*rial fell as low as 8 j)er cent, but in view of the 
orfgmistance just named, this result may be regarded as abnormal. 
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In the (‘.flisf- of i, roular rod and rc'ctanj^ular bar of j[i water thickness 
tli(‘rc is still an a])j'’ >iable hai b'liing cvi<lonced l)y iiic-reaso in 
ultimate strcn"tl! and V^'ld ])oint, the former risiiif; from an average 
value of 20 tv^^s ()er sjjuare inc.li to the neighbourhood of 27' 5 tons 
per srpiare imOi. There is a corresponding but^ not Yi^ry large fall 
in tin* d¥etility. (Onipurison of the figures obtained from material 
which has Immoi aged for a jieriod in the neighbourhood of one year 
Vtfth the rc'suh.s ol)taiin‘d from ageing of nearly five years, suggests 
that the ag(*ing jinxu'ss is a very slow one and that it certainly 
has not been completed at the end of the first year. It appears 
|)i’obable, however, that at tin* (‘inl for five* yi'ars tlie ageing process, 
if not entir(*ly completed, must at all <* vents have slow(‘d down 
so much that furtln'r changes <*an scarci'ly be of any considerable 
importance 


(mi), Of/icr Alloys. 

Alloys “ E,” “F" and U, ' and Alloy Y *’ represent sucdi 
comparatively ri*cent <b'velo]mients in*the \vork of the ju-esent 
Authojs, that data concerning their behaviour in regard to ageing 
are not yet available. 8am})les of early material of these compositions 

are, it is true, available which arc considerablv more than twelve 

• 

months old. Material produced in the early stages of development 
of a neYY type of alloy, liowever, cannot be regarded as satisfactorily 
rejiri'senting the properties and behaviour of that material, and 
for that reason ageing results on samples of 'this kind are not 
included in the present report. 8ofaras alloys “*F” and ‘‘ G" are 
ooncerned, it is probable, from their similarity in constitution to alloy 
“A,” that a cei'tain amount of gradi*al har<b*ning is likely to occur. 
In view of the fact, howev(‘r, that these alloys are id ready age hardened 
after quenching a few days iifti'i* their producU*on, it^does not 
appear likely that the iinu’ease in hardness due to prolonged ageing 
will be very a])])r(‘ciable. The same considerations apply to a large 
extent to alloy “ Y.” ^ 

From the point of view of the p(‘rmanence and agt^ng jiropertms 
of alloys which have been age-hardened after quenching, Suine 
data are available regarding tests on pieces of Duralumin cut from 
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th(‘ sjuiK' ))i(‘<‘,o ,^of cliaiuicl, afl.or an int('rvtil of n«^rly yoars. 
Tho inat.(*rial in (jiicstion forins^ part of aii naiiy atU‘ni}>i at tlir 
constniotion of ri^^ul airships in tliis country,' ami was manufactured 
by the regular makers (d Huraluniin. , 

The results of tjje tests in (piestioii arc* shown in Table 50. 


TABLK 50. 


Thickness of 
material. 

Yield stress. 

Ultimate stress. 

Elongation 
per cent 
on 0 inches. 

Date of tost. 


Tons per sq.in. 

Tons per 8(p in. 



O’ 071 inch. 

lG-9 

2G’5 

IG’G 1 

October 1011. 

O’ 070 inch. 

17*5 

27*5 

20 ’8 ) 


O’ 070 inch. 

ilO’6 

28-7 1 

IS’ll 1 
[ 

January 1921. 

0’()70 inch. 

20*7 

. 7.7 1 

14’7 1 



It will bo seen from the above Table, that althougli the tc'sts 
of the material varied slightly in dujdicate samph's, tlierc is a definite 
and apjirec-iable change in the tensile properties of the slloy after 
a period of ag(‘ing close upon ten years. It may lie added 
that the material in this case was stored in a cupboard in the 
Laboratory and lias be(*n entirely unaffected liy corrosion, vibration 
or othc'r outside influeiu’.es. It will be seen that there has biieii a 
marked incTcase in yield stress. Although no very great amount 
of weight can be attached to th<*.se figures, yet particularly in 
the case of Duralumin, this determination is suflici(*ntly accurate 
to* show that the differences betwe^en the tests o{ 1911 and 1921, 
as stated the jfboA^e Table, are real and indicate a stiffmiing of the 
material. Thisds further borne out by a slight but quiti; definite 
increase in ultimate stress, ary} a small but equally distinct dccri'asc 
jn tlie, ehrngation. It must be juiinteil out that thesi* changes do 
not in the h‘Ast suggest any serious (h‘terioration in tin* ])ropcrties 
of the alloy ; in fact, from soimi points of view, the aged material 
ib better than that freshly made. On the other liand, these results 
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servo t.«» show jjuiio clearly that in Duralumin, a^s in oilier alloys 
doscriljod in the ]p-f.‘nt J{c|)'n , internal v-lianges may and do 
occur yvor a ]K'rio(D nf many years after manufacture, and it 
has y(‘1 to J'e ascertaiiu‘d wlietlier yu any of these, materials 
these e.hanjTes linally eotm* to an end, or wli^'tlier they continue 
indefinitely hut slowly and in the same dir(‘etion as that indicated 
by th(‘S(‘ tests, oi- whether, as is quite jiossilile, tin* (lir(‘etion of the 
(•ham^i* is ultimately reversed and tlie alloys tlu‘n tend to become 
sofi.er insti'ad of harder. Fortunately, from the practical ])oint of 
view, it is ('vident that these e.han«^(‘s are very slow indeed, at all 
ev('nts after the first f(‘w y(‘ars, so tliat except for struc-tiires in 
which pennanenci* for a larjre number of years is essential, tliere 
need be no hesitation in relyint; upon the ]>hysical constants of thesi* 
mate?‘ials as determined a short time aft‘*r their manufacture. 


]V(6). Stab ill ft/ of Dtntensiottii, 

At the t.inu' of tin* pu])li(*.ation of the/Pemth Report to the Alloys 
Keseaic.h (-^nnmitti'i*, \vh(‘rc the ri'inarkabh’ proj)erti(‘s obtainable 
in castinj^s of zinc-aluminium and coppcr-zinc-aluminium alloys 
were iioiiited out, some doubt appeare^l to exist as to the 
pernian(*nt stability of such c-astinj^s. Certain die-castings, descrited^ 
us ul iminium castings,*' Jiad been submitted to the Authors for 
examination in a condition whicdi ma<le it clear that the material 
had undm’gone si'rious (dianges of dimension, leading ultimately 
to complete disintegration. Altliough it was, found that those 
castings consisted mainly of zinc, the (piestion of the ]iermanence 
of aluminium-zinc and co])per-alumini urn- zinc alloys in tlie form 
of castings particularly, appeared to require inv(‘stigation, if ^nly 
in order to dispel any doubt whi«h might interfeV with the extended 
practical utilization of these materials. The Ix'haviour dT the alloys 
rich in zinff has also been studied, but the results of tl^at investigation 
are described elsewhere.* ^ 

Early in 1913, arrangements were made for the^preparatioii M. 

* “ Zinc Alloys with Aluminium and Copper.” Rosenhain, Haughtdh and 
Bingham. Journ. Inst. Metals. Vol. xxiii, No. 1, 1920. 
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ii s('ri(*s of which coul<l he us(‘(l for ol)Kcrvfit.ioii in rej^ard 

to ])ossihlc cliiiicnsioiial cliaii^cs oy(‘r a jxoiod |)f yt'ars. By the kind 
co-operation of Mr. William Mills, of tin* Atlas Aluminium Works, 
Birmingham, the i)ro(luctKm of tjiese castings very much 

facilitated, as tliey ]>repar(‘d in tin* foundry of that firm under 

Pm. 





tlie p('rsonal sup^'rvision of one of the present Autliors. In order 
to test the effect of possihh* yunute changes in the alloys leading 
to slight warping in castings, it was d(‘.cided to use a moderately 
coih])licat(‘d rusting embodying ])ortions of varying thickness 
and^f such a shajxi that warping should j)roduce an appreciable 
effect. The pattern ultimately seh‘cted was a motor cyrde crank 
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cast', of pn oi“(.Miary typo. A j)liin ^lovv of this (•.raiik-f,as(‘ is shown 
in Fig. 88. For p^- ‘poses of inoasiiremont of' dimensions, tlio 
tlir(‘e lines indioa1.('(l • the letu s A, B and* C in tin* Figure were 
seleetc'd as Mk('iy to afford tin' most seviTe ti'st of any minute 
diimmsional ehanges. In onhn’to allow of accurate measureim'ut, 
small lli^ts nutehined in i,he petsitions corresjmndino to the ends 
of tlu'se li?ies, thus allowing end jn(*asurements by tJieans of screw 
gu(u‘ometers to bi‘ made. These flats W(‘re machined witli the 
pM’eat('st ])ossii)Ie care in the Fnpdneering Ih'partment of the 
Laboratory, but it was found on nieasurmnent that it was mou'ssary 
in order to obtain consistent valu(‘s with the delicate micrometer 
employed, to secure that th<‘ contact jiieces of the micrometer 
touclu'd the flats always at the same jioint. Tn ordm’ to secure 
this result, small ciri*l(‘s wmi' marked on the machined flats and 
nu'usurements made within these circh's. 

Jn order to ase.ertain wh(‘ther exposun; to the weatlu'r as 
conijiared with mere storaj^e under cover would affect the behaviour 
of th(' castings, two complete series w«re ])re])arcd. The irastings 
of one series wen; exposed on the roof of the Midallurgy l)i‘})artment 
of tlu' Laboratory, while the other series were kept in a store room. 
In })ot]i cases th(‘ flats macliined for imuifiurement purposes were 
kept e.overed with a coating of vasidine. This was found to afllird^ 
comflirie jirotee.tion from corrosion and other visible damage to the 
flat^ and could easily be nmiovcd when measurements wen* to be 
made. ^ 

Tin; material used inolud<;d a range of alloy*? containing 20 jier 
cent of zinc both with and Avitlfliut a numlier of inleiitionally added 
im])uriti(‘S. A second s(‘ries induct'd alloys containing in addition 
to 20 per cent of^zine, ^ ])er cent of copper and a similar vari(‘t*y of 
impurities. For furtlim* [mrpofes of comparison, alloy containing 
4 per cent of copper only was employed. Finally, in order to 
ascertain *wliether dimensional changes, if any, w^re to hi* traced 
to the alloys or to the added impurities, or whether they must 
be attributed to the beluiA^iour of aluminii^m itself, 4otlr 
castings were made of aluminium alone. Three of thefte were 
made of tlie jiurest available aluminium (99*6 per cent), whicli for 
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1) 

'Percentage d>mposition. 





No. 






1 




Rories. 

of 

Al. 

’Zn. 








Cas# 











Pure. 

Coml 

T^iro. Coml. 

Cii. 

lb. 

J<"e. 

Si., 

Mn. 

Mg 



1 

80-0: — 

20 






' 1 


2 

79 -oi 

20 


1 






3 

79-0 — 

20 — 

— 

— 

1-01 




1. 

1 

79-0 — 

20 — 


- 

- 

0-99 



Al-Zn 

5 

79 -oi — 

1 

20 

— 

— 
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1-00 


(20 per cent 
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79-5 

- 

20 , --- 
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_ 
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8t 

80-()! - 

20 








9 

80 •( 

_ 

20 








10 

— 

80 

20 








12 

77-0 



20 , - 

:i-0 






II. 

13 

7G-0 


20 

a-1 

1 





14 

70^0 



20 

3-0 



0-84 




A-Zn-Cu 

(3/20) 

15 

76-0 

- 

20 — 

3-0 

- 

- 

0-91 




IG 

76-0 

- 

20 

a-0 

— 

— 


1-(X) 



17 

7G-5 

— 

20 — 

3-0 

— 

— 



0-5 

/ 

19^* 
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! • 
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ono of ca tiiifTs ]j<‘for{> oastin<^, boon oyer-li(*at.(‘d to a 
t(Miip('ratiir(‘ of 950'^ ^ » and in a?- tlior (taso luid Ixhoi intoiibionally 
contaminaued by th^ addition^ of carbon’ For tlic fourth, 

connucrciai trtuniimuni, as available tJ^ that tinio, containing a 

* » 

little ov<‘r 99 |)(‘r cent (d aluminium, was em^)loyed. Tlie exact 
com])osiii()ns of lli? various castiiigs used are given in Table 51. 

Tlie measunmients w<‘re made with very great care by means 
(V a large screw micronu'ter. This micrometer had an adjustable 
gap, and was S(‘t in (‘ach ease by means of accurate end-gauges 
supplied l)y the Metrology I)e])artment of the Laboratory. The 
juiennneter and these gaug(‘S wer(‘ of steel, and sinc(‘, the coefhcimit 
of thermal (‘Xj)ansion of steel differs markedly from that of 
aluminium, the temperature at which nieasureimmts were made 
was in every case carefully not(‘d, and the results of measurements 
have been corrected for th(‘ errors arising from difference, in 
thermal expansion between the micrometer and the castings under 
measureimmts. In evei’v (^ase the castings were ke[>t in the same 
room as tin* micrometer for some hours* before measurements were 
made in order to secure that they should attain the same tem])(‘iature. 
Further, the micrometer itself was suspended by nu'ans of an 
overhead pulley and counterpoise, so that only the actual measuring 
ends liad to be handled by the operator. 

The dimensions in each case were read to ,oo,)o many 

of the determinations were c.hecked by a second obseuwer. Even 
with the greatest care, however, it was not found ]) 0 ssibh‘, to secure 
consistent readings to this degree of accuracy, Snd the individual 
measurements cannot, therefore* be relied uj)on to an accuracy much 
greater than lof;,,,* indi- Since the actual dimensions nu‘asured 
were approximatGjy as follows : — (A) about 13ii2 inches, (H) alfbut 
j 1 inches, and (C') slightly under 10 inches, this degree gf accuracy 
of measurement appeared to be adequate for the>*pur})ose, since a 
change of even of 1 ]>er cent inj^he dimensions of the casting 
would have made itself felt very markedly in the measurements. ^ 

The results of the actual measurements are showfl in the graphs 
of Figs. 89, 90 and 91. These graphs relate to measurements 
on the series of castings which had been exjmsed to the weather. 
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C()rros])(iL(iin^ oioasuremoiits niado on tin* oast.inp in store 
gave results so close similar 1 those repr’Siuited in tlio Figures, 
that it is not tlioughu* worth whi./- to re))rod*ue.e tiu? second series. 
As will be e(*^‘n from the Figims, u’'iisurements were made at 
approximately six months’ interval ov«‘r a pm-iod of about three 
and a haJf yc'ars. At the end of that period, owing to the increasing 
])ressiire of war conditions, these measurements were sus])en<h‘d. 
Ibifortunately, owing to the long time requin'd for the candid 
mac-hilling of the flats on the c-astings, tlu' first iiKuisunmients were 
not made until the castings were apjiroximately eight months old. 
The work on the ag(‘ing of aluminium castings, howeviT, which is 
described in the preceding Section of the present Rejiort, indicati's 
that the ageing process is by no means c,omph*ted in the first 
eight months after th<‘ castings have been made. If, therefore, any 
dimensional changes are assoc-iated with the ageing jihenomena, it 
would be confidently anticipated that such dimensional changes 
would c.ontinue for a period of several years after tin* castings were 
pri'pared, and would therefore be amply’shown in the })resent series 
of measurements. 

Examination of the grajdis in Figs 89, 90 and 91 shows at once 
that actual dimensional changes of siiflicient^size to be of im])ortance 
for practical juirposes have not ocmirred in any of these c-astiiTgs. • 
This result is interesting and important as definibdy establishing 
the dimensional stability of castings of these kinds, even in the 
])resenc-e of intentionally added imjmrities and»aft<‘r comparatively 
B(*rious maltreatment of the metal in the case i^f ])ure aluminium. 
Tlie larg(‘st dimensional c-hange*shown on any of the grajihs of the 
present series occurs in tin* case of»a pure aluminium casting, and 
even in that case, only amounts to an increa‘ 14 ' of inch (tn a 
dimension of 11 inches. This corresponds to a ciiange of less than 
O'O-*! ]ier cent in the dimension as immsured. IJven this minute 
chang(‘ ap])ears to b(‘ exceptional, a^d is probably *due to the fact 
that the material is extremely soft and that the casting may have 
been slightly distorted during manipulation. Exaiftination of A)he 
details of the various grajdis, however, shows that certain*very 
minute changes in dimension appear to occur in the ageing of these 
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r.astinj^s.' Owiiij^ ^.hoir vory minut.o nat.uiv, oin' ii-T t^Mupiod to 
rcf^ard tliiMii as ))o.ssi])^u )f aor-idon- ! ori<»iu, ari.aii^f from tom])oratiirc 
in tlit‘ niati ra! or in t’fio ini(*,roim^.<‘r or ol-licr oaiises of 
variation, noi. trac.ed, or as tin* iv.^ilt of niinuto dcforniations 

of tin' castiiij's dtirin.^ handlinfj;, otc.. AVitli the* <'X(‘t‘))tioii of the 
rclsitivcl f larj^(' cliangcs found in tin', pure aluininiuni castin;^ just 
referred to, and also in another eastinjjf of tin* same (pure aluminium) 
sedies, ho\vev(‘r, these small dimensional ehanjjjes apjiear to follow a 
somewdiat n'^mlar order, and this regularity dis])os(‘S of the idea 
t.Iiat tln'V can be, due to a(;e.i(h‘ntal causes of tlu' kind indieati'd 
abovi'. Taking]; the «^raph for tin*, “ A ’ measureim'ut in hi^vS. (SI) 
and 90 particularly, we lind that this dimension in most of the 
graphs, (nd not in all, reaches minimum value in tlu' obsi'i vations 
taken when tin' eastings wc're twt'nty months (»ld, and that after 
this period this dimension appears to n'turn to a value which in 
most casf's is v('rv near that from which it started when the 
measuc<'ments wen', first made. It is obviously vi'ry difficult to 
account for any such reversal of diluensional change, but a 
suggestion may, ])erhaps, be hazarded. It is known that the 
ageing procM'sses, described in the preceding Section of this lb'}H)rt, 
occur at difT(*rent rates and possibly to diffefent extents, in ])ortions 
of material of the same e.omposition wdiich have been cooled^ at • 
diffi'renl. rates, and therefore in portions of the same casting of 
different thickness. The minute dimensional changes whiidi, it 
might be anticipati'd, wmuld be associated ,wnth these ageing 
phenomena would therefore occur at different times and to diffenmt 
extents in various jiortions of *the,He crank-c.ase c.astings. If this 
were the case, it might ha])])('n %it the changes first oiMuirring 
would lead to a sl',ght diminution in suoh a dimension as A, Fig. #88, 
and that the subseipient agi'injf of the thicker piyts of the casting 
should restore that dimension by reversing any verv minute amount 
of warping which had bci'n produ<*e(l^by tlu' first cllangt'S. 

Although, as has been mentioned above, the regular 
ri’ineasurcments of these (castings at intervals of -ii fe,w months 
had been suspeiuh'd wdien the castings were forty months old^ the 
castings themselves were prt'served and the machined flats jirotected 
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as well r*s ])ossihle by a tliiek of vasv‘line. Tn January, 1921 , 

some S(‘ven aiid a lial^ . 'ears (niiif 'y months) after the production of 
tlie castings, some of t; cm W(‘rc aj^iin (‘xamiruMl. It was found that 
evtm in th<i cy^(‘ of those whi(di had re ',iain(‘il cx])osed on tlic roof 
of tfic building the macliincd fa(ics were ap])are,ntly perfectly intac-t 
when till' coating o*f vastdine and dirt had becm carefully removed. 
Tn ordi^r to ascertain wh(‘ther the castings had ])reserved their 
dimensional stablility after this long exposure, four of them, namely, 
Nos. 1, .‘1, 8 and 12 were carefully remeasured in the Metrology 
Departnumt of the Laboratory. Of the twelve; remeasuri;ments 
thus made, om; only, re])resenting dimension A of casting No. 8, 
gave an abnormal result, showing an a])[)arcnt increase of 
O' 0071 inch. The two other dim(;nsions, measured on the same 
casting, showed nothing unusual, and it therefore seems probable 
that this particular measurement has been ac-cidcntally affected by 
some damage to the c-asting, although tlu’n* is no visible evidence 
to that effect. With the exoe])tion of this abnormal measurement, 
the results of these remeasureinents are^shown — on a broken line — 
at the edge of the graphs in Figs. 89 and 90. It will be seen that 
these show no greater departure, from the horizontal straight lino 
than is to be. found in eaiTii'r parts of the saflie gra])}is, while in some 
cases the final dej)arturc from the original dimension is remarkaldy, 
small and well within the errors of measurement. These results, 
therefore, as a whole, strongly c.onfirm the c.oncTusion that castings 
of these alloys, whether pure or contaminab'J with the elements 
named, possess very great dimensional stability*, and that nothing 
in th<; nature of distortion — ifiid much less disintegration — need 
be feared. 


lV(c). Fracture under Prolon(/ed Loading (“ Season Clicking ”). 

Some of the alloys described in th^ ])resent Ke])ort-, notably alloy 
“A” (3/20), and to a lesser extent, alloy E” and its modifications 
“ F ” and “ C,” have been found to be liable, in certaiif circumstantics, 
to a mode of fracture very similar to that which is well knokvn in 
the case of brass under the somewhat misleading name of “ season 
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cracking. ” failures ol tliis tyj>o were first noticed in the cas ' of alloy 
‘‘A,’’ wIk'I'c shci'ts of tliis material had lieen ke]>t for a <-.onsiderable 

time closely coiled, the coils iring restrained liy wire. Similar 
* ■ * <1 
forms of fracture were als(> observed in certain spinjiings to wliich 

refenmee lias already been made* (.src Section ITT (a), page 80 ). These 
occurrences led tlie Authors to undertake a' somewhat general 
investigation into the nature of such failures, which occur in metals 
wlien a])parently exjiosed to stresses considerably lower than those 
at which th(‘y would break if tested in the ordinary way, and 
only after the lapse of a more or less considerable period of time. 
The first results of this investigation were communicated by 
two of the Authors in a Taper to the Jloyal Society.* This 
Pa])er shows that such widely different metals as brass, lead, and 
some aluminium alloys are capable of undergoing the same type of 
fracture in analogous (urcurnstances. This fracture is characterized 
by the fact that it occurs by the pulling away of the crystals of the 
iiK'tal from one another, witli as nearly as possible a total avoidance 
of any fracturing of the crystals tlieruselves. Somewhat similar 
types of fracture have also biicu observed in mild steel, as indicated 
in the I^aper just cited and in another Paper, also by two of the present 
Authors, on “ Inter-crystalline Fracture in Mild Steel,” communicated 
^to tfie Iron and Steel Institute .f 

In the first of the Papers just mentioned, a theoretical explanation 
of the })lienomena of failure under prolonged stri'ss by inter-crystalline 
fracture has been a^temjited. Although much discussion lias been 
devoted to an effoit to disprove this theory, the Authors feel that 
it still offers the only explanation yet put forward to account for 
these remarkable phenomena.;!^ It docs not, however, appear 
desv-able to enter into th(‘ theoretical aspects of the whole subject 
here, since the prcf^mt Report is mairfiy concerned with the conditions 

f 

i , 

• “ The Intor-grystalline Fracture of Metals under Prolonged Application 
of Stress.” Rosenhain and Archbutt. Proc. Roy. Soc. A., Vol. 96, 1919. 
t \ Rosenhain and Hanson. “ Inton Crystalline Fracture of Mild Steel,” 
lourn. k^on and Steel Institute, 1920, No. II, Vol. cii. 

I General Discussion on the Failure of Metals under Prolonged Stress.” 
Faraday Society and this Institute, 1921. 
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in whioli^ various alloys may lie IilIjIc to uftdorgo failure of this 
kind, and the mctho by whioh the oecurrence of siieli failures 
can be more or loss coLipletcly [m vented. 


Alloj/ “ J ” (3/20). 

Tn one of the Papers nderred to above,* two of the present 
Authors have ])ointed out that the liability to inter-e.rystallinc 
fraid.un? under the ])r()longed application of stress is associated in 
tlie case of alloys A ’ ’ with a ])articular type of microstructure. This 
conclusion lias sinc(‘ be(‘n very fully confirmed. A very large number 
of samples of tin* alloy have been subjected to various kinds of heat 
and m(‘chani(uil treatment, and have then been tested for liability 
to fracture of this type by means of a comparatively rough but simple 
and effective test. The test in question, which is applicable only to 
metals in the form of comparatively thin sheet, consists in bending 
a stri[» in the form of the letter U, the radius of the bend 
being about IJ inch. The test-piece is gently Ixmt into this form, 
and tin two ends are then held in position by means of a clip. In 
this way the metal in the bent portion of the strip is kept under a 
bending stress, tht‘ amount of which depend^, among other things, 
upon the radius of curvature, and the actual ])ull exerted by iJfie 
wire clip upon the ends, (-are must, of course, be taken not to 
overbemd tin' test-piece when ]»reparing it, the necessary precaution 
)>eing that the two ends of the test-j)iecc shall* never be brought 
appreciably nearer together than the position in which they are 
finally clamped. The actual strft^s developed in the test- pieces in 
the outer layers of the bent portion, js not very readily calculable. 
The reason is that^ in these bent test-pieces,^ Ijlastic deformation 
of the metal has taken place, jfhd consequently he elastic limit 
(of restitution) has been raised considerably above that existing 
in the unstrained metal. It is obvioiis, however, that the stress 
existing in the bent test piece can nowhere exceed the elastic limit 

* “ The Inter-Crystalline Fracture of Metals under Prolonged Applic^ion 
of Strers.” Rosenhaln and Archbutt. Proc. Roy. Soc. A., Vol. 9G, 1919. 
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of tlio mat(*,rial in the ^ parti on lar condition in wKic.h it ('xists at that 
time, hut it is 'important to note that tlus 4 'lasti(? limit can never 
very closely approacji the ultiif-ate strength of the metal, unh'ss 
the bend has been made so sharp that any even slighti additional 
bending would lead to the immediah* fracture of the fc'ce. It is only 
wh(m the ductility of a metal has been compJet(‘ly exhausted by 
overstrain, that the elastic limit is raised to the viciniiy of the 
breaking stress. This consideration is im])ortant in view of the 
suggestion which has been put forward elsewhere * that th(‘ failure 
of brass, particularly under internal stresses existing in spun or 
drawn material, may really be due to tli(‘ fact that the internal 
str(‘sses ar(‘ e{pjal, or very nearly equal, to tli(‘ normal ultimate* 
strength. 

In view of the fact just jminted out, the bend test described 
above must hi) regarded as being of a very severe* nature, (^areful 
experiment has shown that fracture of the kind now under discussion 
does not occur in a b(‘nt stri]) if the amount of lM*nding has been 
sufficiently small to allow yie strip to resunu^ its original straightness 
after tin* removal of stress. Tliis shows that fracture under prolonged 
loading will not occur in this alloy unless the ay)])lied stress 
considerably exc-eeds tJ[je })rimitive elastic limit. When material is 
^ usfid in practi(^al construction, care is, or should be, taken to exclude 
the occurrence of working stresses too closely approaching the elastic 
limit, while stresses exc-eeding the elastic limit are not ordinarily 
regarded as admissible. It would seem, therefore, that under all 
normal service conditions, the material could not be exposed to 
prolonged loading with intensity ^sufficient tc* ])roduce fracture of 
this kind. Stresses which are at once very intense and are continuous 
in^ their application, only aris»* where these are produced in the 
material by severe'c6ld working. .J\Ticre material is severely locally 
strained <by such operations as cold stamping, sharp bending, 
punching or filibaring, or similar o|)erations, conductei^ in such a 
manner as to leave it W've?ely internally stressed, failure in the 
•ci^urse of tirpe may result if the mat(‘rial is used in the special 


* Hatfield and Thirkell. Jouni. Inst, of Metals, 1919, No, II, 
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co.ulition wlu' h, as "vill be R'H'h ])elow, is .^eoo’ssary J;o render it 
sensitive in tliib direction. 

Tlie indie.ations oi t.?ic bend tc' which has now been studied for 
several years, are very fully borne out by the behaviour of the alloys 
in practical The Lehavi->’ir of spmnings, stain])ings and of 

actual riveted jjii<'?rs constructed out of chaniiels and siani])ings 
of alloy A ” (3/20) entirely bears out the indications of tlie Ixuid test. 
It is found that material which would stand this test for a ])eriod 
of* several days, never undergoes failure under ordinary practical 
conditions, at all events within a period of some two or three years 

In the case of alloy “ A ” (3/20), indications of* the bend test show 
in the first place that the alloy as produced in the ordinary way b/ 
hot rolling, is entirely free from risk of inter-crystalline fracture 
under prolonged loading. This is true, at all events, of matiTial which 
has been ]*roduced in the manner adopted in nion' recent [iractiee, 
wher(5 temperatures for rolling and intermediate heating have been 
intentionally kept somewhat lower than was originally done. Even 
if a lolling temperature as high as 450° (b has been used, liowever, 
the bei d test shows definitely that, provided a subsequent reduction 
by rolling of not less than 50 jierccnt of the cross-sectional area has 
been applied, tlie material is still entirely ^safe. With so high a 
rolling temperature as 450° C., and the use of smaller amount.^ of 
reducti'^n by hot working, the mate.rial is found to be liable to fail 
under dIic bend test if exposed to it for a considerable time. More 
interesting indications are obtained when the bend tost is applied 
to material which, after final rolling, lias been Snnealed at various 
temperatures. With# an anncalii^g period of one hour, it is found 
that material annealed at temperatures from 400° C. to 450° C. 
undergoes failure by the bend best iit about one luyir. If annealed 
at somewliat lowe/terapcraturet^(350° to 400^ ^.) it is found tKat 
failure under tlie bend test will occur in a somewhat IciigeT time 
varying from one to four or five hours. With still lovfej’ temperatures 
(300° to 350° C.), considerably longc# exposure to the bend test 
is required to bring about failure ;,in some cases periods as long as. 
twelve hours are required. With material which has been ani^aled 
between 250° and 300° C., bend tests have in some cases shSwn 
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completely ^atisfactor^y reaifitance dver a period of sc'veral years ; 
in other cases, 'however, fracture has occurred after a few weeks’ 
or several months’ ejeposure. ^n the other hand, material which 
has been annealed at a temperature not exceeding 250° C.^is found 
to withstand the bend test indefinitrely.* 

It has already keen indicated that the type (?f frLcture occurring 
in these circumstances is peculiar, in that it takes place by the 
jmlling apart of the crystals and not by the fracture of the crystals • 
themselves, thus producing what is known as a typical inter-crystalline 
fracture. It is not surprising, therefore, to find that the liability 
to und<Tgo failure of this kind varies with the nature of the crystal 
boundarii‘s in the ])articular specimen of metal under test. 
Microscopic observation at once sfiows that ra])id failure occurring 
in an hour or so under the bend test is associated with a completely 
equi-axed microstriicture accompanied by very smooth regular 
crystal boundaries. Such a structure, together with a typical crack, 
and clearly showing the inter-crystalline nature of the fracture, 
is shown in Fig. 92, Plate 1^5, under a magnification of 150 diameters. 
The structure there illustrated is typical of alloy “ A ” (3/20), which 
has been annealed at 450° C. It is interesting to remember in this 
connexion that annealj^g at 450° C. does not produce a satisfactory 
softening of this alloy, which can be obtained in a much softer 
condition by annealing at low temperatures such as 2(X)° C. or 
250° C. Indeed, material which has be(‘n renderc^d very soft and 
ductile by the latter low temperature annealing is again rendered 
harder and less ductile by heating to 450° C., whether followed by 
rapid or slow cooling. ^ • 

* Since the abpve was written, ^ Paper by Moore, Beckinsale and Mallinson 
— -Journ, InRt, of Metals, 1921, No. I — has drawn the authors attention to the 
part which oheriiijal action on the iWter-crystalline material may play in 
connexion (svith “ Season Cracking.” They accordingly tested the behaviour of 
Alloy “ A ” (3/2(^) •under the bend-test when entirely protected from chemica]^ 
action by being placed either in good vacuum or in an atmosphere of pure 
^hydrogen. In both cases, fracture was considerably retarded but never 
cdlnpletely presented. An account of thcRO experiments has been given by 
W. RdKcnhain in Lis introductory address to the General Discussion on 
“ Season Cracking ” already mentioned. 
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Tlic use of li/vvtir ‘^’diiealing fee iiipcrat urea than ^^50'^ C. does Jiot 
result ill so rapid oi so (‘.onijih .♦ a production of a completely 
tvpii-avwl •structure. The safe annealing temperatures below 
25tF C., in faefi, do not produ o»any serious amount of cqui-axing 
even in sevora’ (jc ir^s. The material annealed at fhese temperatures, 
although rendered very soft and ductile, retains an elongated 
microstructure. This is a remarkable instance of a phenomenon 
observed in other materials, where it is frequently found that 
meclianical softening ]uece:les the formation of a new (iqui-axed 
microstriic-ture. In most matiuials, however, this stage in which the 
metal is soft without being equi-axed is transitory. In the case of 
the alloy ‘ ' A ” (3/20), on the other hand, it can be retained permanently, 
and in fact leaves the material in the best and soundest condition. 
The typical microstruci lire of the alloy “A’ after annealing at 
250’ aiul therefore in a condition in which it will not uiuiergo 
inter-crystalline fracture under prolonged loading, is illustrated in 
Fig. 33, riate 15, under a magniftcation^of 150 diameters. 

In vii^w of the results obtained from the systematic employment 
of the bend test which has been described above, the Authors regard 
material which has been heated or anr.ealiid at any temperature 
above 250"’ 0. as being in an “ over-annealed ” condition. It is o«ly ^ 
in this ever-annealed condition, and if left without further treatment, 
that the alloy is liable to undergo intercrystallinc fracture as the 
result of prolonged and severe loading. The next step in the 
Authors’ investigation of this subject consisteS^in an endeavour 
to ascertain by what means, if |f,ny, over-annealed material could 
be restored to a safe condition from the present point of view. The 
treatments first tried were juirely thermal, consisting in re-heat^ng 
the over-annealed* ^loy to various lower tefti]%ratures, followed 
either by slow cooling or by quenching. The results obtaJlncd were 
entirely ni'fative. Material which has once bee# #over-annealcd 
cannot be restored to a safe conditfbn by any subsequent heat 
treatment at lower or at higher tiMuperatures. The application • 
mechanical work on the other hand proved to liave a very po^ej-ful 
influence on the phenomena. 

The application of cold work to material ovpr-ani^caled by 
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heating to 450® ‘C. was found considerably to modiiy the behaviour 
under the bend test, c Various ajnounts of reduction by cold-rolling 
were tried, and it was found that increasing distortion o't e^ui-axed 
crystals in the over-annealed alloy* tended materially to retard the 
rate of failure uifdcr the bend test. The r^sulfei indicate that 
material which has not been excessively over-annealed could 
probably be rendered completely safe by a relatively small amount , 
of cold working. On the other hand, seriously over-annealed 
material cannot be prevented from ultimately failing under the 
bend test by cold working alone. It must be remembered, however, 
that from the point of view of other physical properties of the 
material, the application of cold work to the alloy “ A” is in itself 
undesirable. The effect of hot-rolling upon previously over-annealed 
material was next investigated. The results of a long scries of 
experiments can be summarized in the statement that ]natcrial 
which has been over- annealed at 450® C. can be rendered completely 
immune from failure undpr the bend test, by hot rolling it to a 
sufficient extent. A total reduction of not less than 50 per cent of 
the cross-sectional area of the material if not too rapidly applied, is 
found to be sufficient ,f or this purpose. Microscopic examination 
sh%ws that this mechanical treatment comj)lctely chang(!s the 
original equi-axed crystals having smooth boundaries, and replaces 
them by elongated grains whose boundaries are much more irregular 
in character. 

In general ternjs, the outcome of the investigation briefly outlined 
above, on the behaviour of alloy “ A,” (3/20) under the bend test, after 
various forms of thermal and mechanical treatment, may be 
su^iraarizcd as indicating that, provided the temperatures employed 
and the amoutitjof ihechanical redaction applifecl are satisfactorily 
and carcflilly regulated, the alloy can be produced in a condition 
in which it is fr«e from all risk of undergoing inter-crystalhnc fracture 
as the result of prolonged exptisure to severe loading. 

* As throwyig a (jonsiderable amount of further light upon the 
naturh of the process by which inter-crystalline fracture occurs in 
this alloy, a series of tests may be quoted in which fracture of this 
type has^^oen produced by direct tensile loading in an ordinary 
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testing- Inachinei The results of two scries of tests^re tabulated in 
Table 52 relating i/o* materia! ^f similar composition but in 
differenli sto-tes as regards annealing and mechanical treatment. 

It will Ict'Seen that in both series# of tests there is a very 
considerable tinie effect. Material which requires in one instance 
25 * 4 ton*s per square inch to produce fracture in 6 minutes, undergoes 
fracture in 50 minutes under a load of only 21 tons per square inch. 

TABLE 52. 


Tensile stress 
per square inch. 

Time taken to 
produce rupture. 

Tons. 

Mins. 

Series 1. 


IG 

9 

U 

31 

13 

• 56 

Scries 11. 


21 

• 50-0 

22 

65-0 

23 

27*0 

2-1 

23*5 


• 

25 

13-0, 

* 25*4 

• 6-0 




The existcnce^of the time cjfect shown ii^tlie above Table, *and 
the manner in which the time increases rapidly \V^th decease of the 
applied lqp,d, suggests that the phenomenon is on# of viscous flow, 
differing entirely in character from# the so-called “ flow ” which 
occurs during the ordinary plastic deformation of a jiiece of metal 
under tensile overstrain. The occurrence of such a tune cffe^it, and 
its strong suggestion of viscous flow, is in close agreement wiMi the 
theoretical explanation of the phenomena of inter-crystalline fracture 
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under prolonged^ stress wliicli has been put forward by two of the 
Authors in the Paj)cr already reftp’red to. « 

If the view is correct that itic occurrence of intcrv-Tystalline 
fracture of the kind licre UKder discussion depends largely upon the 
physical properties of an inter-crystalline cement (mainly its viscosity) 
and upon the shape and arrangement of inter-crystalline boundaries, 
it would naturally be anticij>atcd that variations in composition 
would materially affect the behaviour of a given alloy. It was 
thought that certain additions to the alloy “A,” for instance, might 
materially alter the hardness and viscosity of the inter-crystalline 
com (‘lit, or affect the manner in which rearrangement of crystal 
boundaries would occur. The influence of various additions to 
the alloy was, therefore, investigated, the additions employed being 
(1) silicon, (2) nickel and (3) manganese. 

Additions of silicon uj) to 1 ])cr cent w(‘re tried, but were found 
to be substantially without effect upon the behaviour of th(‘ alloy 
under the bend test. Examination of the mhirostructure also showed 
that the additional silicon *did not materially affect the behaviour 
of the alloy during annealing. The addition of nickel, on the other 
hand, was found to j>roduce a marked but not a very large effect. 
Material containing I per cent of nic/kel in addition to the 3 per 
cent%f copp(*r and 20 j)er cent of zinc normally present in the alloy, 
was found still to undergo cracking under the I)end test if annealing 
had been carried out at 4.^*^ C. It was found, however, that instead 
of })roducing fractuK^ in about one hour, the bend test required a 
period of several Iiours before fracture occurred. This marked 
retardation suggests that in the j)re*sencc of I per cent of nickel, a 
somewhat higheu annealing temperature than 250° C. could be 
usetf with safety, o^', »what is really more important, the limit pf 
250° C. for Jhe safety of tlie material need not be so strictly observed. 

In order further- to test the influeiicAj of nickel on alloys ojf this type, 
a material was j)re pared in wlig^h the whole of the copper ordinarily 
contained in alloy “A” was replaced by nickel, thus giving an alloy, 
contaiqjng 20 *)er cent of zinc, 3 per cent of nickel, remainder 
aluumiium. . Ordinary tensile tests on this material give results 
distinctly lower tlian 1 hose obtained from the alloy “ A,”, and its 
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be}ia\duUr luTid test was found to b(i no*lK*tter than that 

of the alloy of normal Jinpositioi, is ]>ossil)lo that the combination 
of higb^^r •niokcl and copper cAtouts toj^cd-hcr nii^^ht juoduoe 
improved rciAdts, but at the tjme wIk’^ these exjK*riments were 
carried out tlie Authors had not yet diseov^^red the faci that 
the addftion of nii^el to an alloy already somewhat hard, could 
be made without further increasinj? its hardness. Tliesc liiglier 
compositions, therefore, have not be(‘n tested. 

A much more marked eff(‘(‘t was producerl by the addition of 
J per cent of manganese to th(‘ alloy “A.” Unfortunately, the 
addition of | per cent of manganese mak(‘S the production of the 
alloy by forging and rolling distinctly more diffumlt than that of 
the normal material. These difficulties can, however, be overcome 
by suitable careful treatment. The effect of manganese ujxm the 
behaviour of the alloy during annealing, and under the bend tests 
is very marked indeed. It has been found that in the ])resence of 
J per cent of manganese, several hours’ exposure to a temperature 
of 450” C. does not result in oomplete eqm-axing. The microstructure 
of rolled sheet of tliis alloy annealed for 6 hours at 450° C. is shown 
in Fig. 04, Plate 15, under a magnification of 150 diameters. It was 
anticipated from this observation, that alloy ‘‘A’' containing 4 per cent 
of maiiganese would withstand the bend test indefinitely, even after* 
annealing for one hour at 450° C. Actual experiments v^erified this 
anticipation to a very e.onsiderable extent. A number of bend test- 
pieces treated in the ordinary manner as deBcribed above, were 
found intact after t^o years’ exyosure. In order carry the matter 
further, and to render the test still more sevens, these bend test- 
pieces, which had sue-cessfully witllstood the ordinary tests for so 
long a time, were*fiirt>her stressed by pressing tie ends more tightly 
together. In one instance only such a bend tost-jiece, after 
restressing^in this mamu‘r, broke in the course of » few hours. This 
intensification of the test after such wry prolonged exposure, makes 
it unduly severe iii comparison with the test ordinarily applied to 
alloy “A” and to other materials, but it serves to show tjiat the 
]) 08 sibility of undergoing frac.tuni by inter-crystalline erdeking 
resulting from jirolonged exposure to severe stresses, has not been 



186 


ALLOYS RESEAUCII. 


entirely eliniinat‘3d in material annealed at 450° C.-by the J^resence 
of a small amount of manganc^ic, although obviously the power 
of the material to resist failure \:)f this type has been tmomiously 
increased. There can be ho doubt, however, that material wliich 
has been less severely over-annealed than that referred to in the 
experiments just described, will be entirely immune from failure 
of this type if it contains J per cent of manganese. 

The influence of manganese in retarding the annealing, or rather 
the recrystallization, of alloy “A” is of somewhat general metallurgical 
interest. It has been shown that the addition of a small amount of 
manganese to certain copper alloys produces a similar effect in 
retarding the rate of crystal growth (*). The theoretical explanation 
of this influence of manganese, however, need not be considered' 
here. 

In connexion with the very marked influence of manganese 
on the phenomena of inter-crystalline fracture, it occurred to the 
Authors that there was a possibility that the real effect of over- 
annealing might reside in some chemical action of the surrounding 
atmosphere upon the inter-crystalline cement in the alloy during 
annealing, and that this action might be eliminated or modified by the 
presence of manganese. In order to test this point, a series of samples 
of alloy “A” (not containing manganese) were annealed in special 
atmospheres, consisting of hydrogen and nitrogen respectively, thus 
avoiding all possibility of atmospheric oxidation. The material 
used for these experiments was rolled sheet giving in its original 
finished condition satisfactory resistance under the bend test. 
Samples of such sheet were then annealed for one hour at 460° C. 
in precisely the %ame manner is those which had jircviously been 
annealed in air, af» (kseribed abo>^. It was fchind that samples 
annealed igi these* special atmospheres failed in precisely the same 
manner as if tl^c^ had been annealed in air, the anneal vig in both 
cases having produced complete equi -axing of the microstruoture. 
This experiment conclusively disppscs of the possibility that inter- 

• 

• Bosenhain and Hanson. “The Properties of Some Copper Alloys.” 
Jourc. Inat. of Metals. 1919, No. 1, Vol. xxi. 
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crysrail’inc oxidctticn , during annealing plays aj^iy part in the 
phenomena discussed •in the pn %it section. 

■3 

Alloy E and its Modijicati<ms. 

• 

I'fiese alloys, being very similar in constitution and composition 
to alloy “A,” containing very similar amounts of zinc and copper, 
ffut with additions of manganese and magnesium, were naturally 
8US])ected of being ca])able of undergoing the same type of failure 
under prolonged stress as the alloy “A/’ It was hoped, however, 
that the presence of manganese would, as in the case of alloy “A’* 
itself, substantially retard or even entirely prevent the occurrence 
of failure of this type. Jn the case of these alloys, which for purposes 
of hardening have to be heated and (jUcnch(Hl after their final 
meebanicai treatment, the question of the safe maximum temperature 
which can be employed is one of particular importan(*e. 

In a])plying th<* bend test in the sanie form as that which had 
previously been adopted for alloy ‘'A,” to alloy “ G,” and its 
modifications “ K ” and “ F,” it must be borne in mind that the very 
much higher primitive clastic limit of these alloys renders the bend 
test correspondingly more severe, because it. allows of the retention 
in th'^ material of much higher unit stresses than those which can^ 
be produced in alloy “A.” None the less, it has been found that 
failure under the bend test in the case of alloys ‘‘ E,” “F” and 
“ G,” occurs very much less readily than in thT‘- case of alloy “ A ” 

Since it has bce«i found that a temperature of 100° C. is sufficient, 
by means of quenching and ageing, to develop the best physical 
properties in the material so faf as ordinary* tensile tests are 
concerned, the (Effect of higli^r tc/iperatu^sifor heat treatment 
has not been further investigated When quenched fijpm 100® C., 
the behaiiour of these alloys /aries according Ito, the intensity of 
stress to which th(^y jj-rc exnosed. ¥ndcr the bend test as applied 
at the National Physical Labori^tory, a number of^ samples 6f the 
alloys thus treated have failed after more or less extended exposure, 
giving in some cases a typical inter 'Crystalline, fracture such 5s that 
found in ajloy “ A,” and in other cases failing by a process of splitting 
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whioli vvhat differi'iit modi* of niplun*, dopi’iiding 

upon a cLTtaiii degree of lamii\atiou in tlY3 material. Similarly 
treated material which has beei^ tested hy the bend tes^ at the 
Royal Airship Works, Cardington, has in no instaneit. failed. Apart 
from ]jossiblc small differences in the severity of tin* bend test 
om])loycd, it appears probable that the exact metfiod of manufacture, 
and ])artimilarly the amount of reduction ap[)lied during the last 
stages of hot-rolling, affect these results. If, however, the temp(‘rat\>re 
for quenching is reduced to 37.'3” C. or still more certainly if it is 
redu(i(*d to 350” (\, the failure of th(‘se alloys under the bend test, 
even in its most severe form, is eliminated and the material rendered 
completely immune from inter-erystalliiK*, fracture of the type under 
consideration. 

The indication of the bend test in these alloys has been very 
fully borne out by the behaviour of the same materials when 
employed for construction. At the Royal Airship Works at 
Cardington, complete airship girders have been constructed of 
alloy “ E,” and neither in the stampings nor around the rivets of these 
girders have there been any signs of cracking, even in samples more 
than a year old. This statement applies even to material which has 
been quenched from C., thus indicating that the bend test, 
•as enijdoyed at the National Physical Laboratory, imposes conditions 
of mucli greater severity than those likely to be met with in practical 
construction. 

The satisfactory ^lehaviour of alloys G,” “ E ’ and F,” when 
treated at or belo^r 350'’ C, under the bend t^st and in practice, 
serves to confirm the view expresWd above as to the value of 
an addition of ^manganese im preventing failure of the typo 
undfir discussion, ^nee.xaniination of the microstructurc of these 
alloys in the coni^tion which they acquire after heat treatment, 
further confirms < this view. This microstructurc is illiyjtrated in 
Fig. 95,.idate 15, under a maf^nification of 150 diameters. , It will 
be seen that in s])ite of having been heated for 30 minutes at 
400^ Cj the material is by no means equi-axed, a result which is 
undoubtedly due. to the retarding influence of manganese on 
rccrystallization. 
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Alloy “F.” 

A very larfre nui^ber of pieces of this alloy have been 
subjected to the bend trst, but in no instance has cracking occurred. 
hb far as the investigations o! the Authors have yet gone, this 
alloy aj^pears tit) dq entirely immune from crack'ing under the effect 
of prolonged loading. The behaviour of the material in actual 
construction fully bears out this result. A similar series of tests 
made with alloys of the “D'’ type (resembling Duralumin) have also 
given similar negative results under the bend test. In the case of 
these latter alloys, however, certain observations made on actual 
airship structures suggest that occasional instances of cracking 
after considerable time have occurred. The exact causes and nature 
of these cases liavc, however, not yet been thoroughly investigated 
by the Authors. 


IV(d). Corrosion. 

A knowledge of the corrodibility bf aluminium alloys under 
various conditions is undoubtedly of the greatest possible importance. 
The Authors, however, wish to emphasize the view that the 
corrodibility of material should be carefully studied in regard to 
the particular condition in which it is to be used, or, conversely,^ 
that the use of any particular m&terial should be regulated in such a 
manner as to avoid the conditions under which it maybe particularly 
liable to corrosion. The extreme view sometimes adopted, that 
an alloy liable to severe corrosion under a j^articular condition 
should not be used at all, is, in*the Authors’ opinion, unjustifiable, 
since it would lead to the gener^ abandonment of alloys which 
in certain condityns are capable of rendering^'hjpst valuable sefvice. 

In the earlier stages of tlie research described in the present 
Report, the systematic study of the corrodibi\jty of alloys was 
regarded *as an important part of the work. In*the latpr stages 
under war conditions, when it had been recognized that there 
could be little or no doubt* as to the relati^fe corrodibility 
of the various types of alloys, the further detailed study of coicosion 
was abandoned temporarily in favour of the search for information 
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more immediately roqfaircd. In the final stages of the work, the 
study of corrosion has not been resumed in detail in view of the 
fact that a special CoEiniittee fo/ the investigation of the corrosion 
of aluminium alloys had been set up by the Department ol Scientific 
and Industrial Research, and thaw later its functions had been 
transferred to a sub-committee of the Corrosion Research Committee 
of the Institute of Metals. The fact that by this organization the 
researcli on the corrosion of aluminium alloys has been placed in 
particularly competent and experienced hands, and that, moreover, 
one of the present Authors is a member of the sub-Committee in 
question, has led them to discontinue further detailed work on 
corrosion. In the present Report, therefore, some of the data 
obtained in the earlier stages of the research are reproduced, together ^ 
with general conclusions as to the relative corrodibility of the 
various alloys described, which have been derived from the Authors’ 
observation and experience both in their own handling of the 
alloys and in various experiments, and from the observations and 
experience obtained with them in actual U8(‘, particularly at 
the Royal Airshii) Works, Cardington. 

Even before the discussion on the Tenth Report to the Alloys 
Research Committee, ii had been recognized that the methods 
Jornterly adopt<'d, of estimating the corrodibility of any metal by 
measurement of the/ loss of weight after prolonged exposure to 
corrosive conditions, such as immersion in sea-water or in tap-water, 
led to unsatisfactory results. It was realized that local attack, 
such as j)itting, might practically destroy a piece of metal while 
the total loss of weight remainedc very small: In view of this 
consideration, it was at that time decided to adopt an entirely 
difftyent method of studying corrosion. This consisted in the 
preparation of a se^es of tensile test-pieces, machined and finished 
ready for testing, and their exposure to the corrosive conditions 
to be studied. From time to time, at successive stages ofHaxposure, 
individual members of thes^’ series of test-pieces are removed 
ancktested in tW^ tensile testing-machine. Provided that a reasonably 
uniforiA material is available, such tensile tests should show, in the 
absence of corrosion, very little or no change in the results. The 
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occurrence o' oven small amounts of pitting, lio^*5ever, would 
immediately reduce Votli the ultimate strength ai!d the elongation 
of the material very i' ppreciablj In this way it was hoped to show 
the reljfti'^e resistance to pitting or local action in various alloys. 

In accordance with thifj> scheme, , a series of test-pieces 
representing ibvL ^alloys of the aluminium-zinc system, and one 
ternary alloy of aluminium, co])pcr and zinc, in the form of hot-rolled 
rods, were ])ropareil. Tlie material used was annealed rolled rod, 
i inch diameter, which was cut into 6 inch lengths. The middle 


TABLE 53. 


Alloy No. 

Composition by analysis. 

Zn. 

Cu. 

D 09 B . 

Per cent. 

9*25 

Per cent. 

I) 12 . 

13-24 

— 

I) 15 B . 

15-05 


D20B. 

20-15 t 


B 25 BB 

* 24-60 


H 4 A . 

20-06 

2-95 

1 


portion of each piece was then turned down^ over a length of 
3 inches to a diam<?terof 0’35(iinch, the turned portion being kept 
concentric with the unmachined ends. The preliminary tests having 
shown that the material in question was sufficiently uniform, the 
test-pieces were* loosely mounted in a tefi.k''* frame and totally 
immersed in the sea at Portsmouth Dockyard at the end of May 
1912. This frame, ready for immersion in the seh,ii& shown in the 
photograph, Fig. 96, Plate 15, The Mne contains six different alloys, 
eight test-pieces of each being •provided. The c(vnpositions, by 
analysis, of the six sets of bars contained in this frame ar^ shown 
in Table 53. 
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S[)(*eiinem. for re-t(*5AtiHg wore romovod at tho end of 94, 206, 
314, and ^48 days. Tho results of those* tests are shown in 
Table 51, which refc'fs to the binary alloys of aluminium and 
zinc only. 

Tnspoetion of this Tabh‘ shows tiio remarkable result that there 
has, on the whole^, beem no appreciable di'teriortfdon in tensile 
strength of these test-pieces by corrosion, even after 448 days in 
the sea. The very slight diminution in the elongation figures is to 
be ascribed to the fact that the elongation on the unexposed test- 
])ieces was measured on too short a length (1 inch gauge length), 
while those on the re-tested pu‘ces were measured on 2 inches. It 
is interesting to note that in several cases there is at first a slight 
increase in the ultimate strength of the alloys. In the light of the, 
subsequent study of the ageing projKTties of these' materials, it is 
not surprising to find that such an inqirove'inent has occurred. 
In the absence of exposure to the sea it is jirobable that this 
improvement would have been possibly somewhat more marked, 
but the difference appears do be due rather to the relatively low 
temperature at which the materials were k(‘pt by immersion in the 
sea, than to any corro.sive action. This view is fully borne out by 
an examination of the ^actual test-pieces after exposure. On the 
^parallel machined portions of these test-jiieces there is not the 
slightest sign of corrosion having occurred, the surfaces being as 
bright and smooth as when originally immersed. It is an interesting 
and important fact, however, that the thicker ends which had not 
been machined, and which were partly in contact with the teak 
wood of the frame, were appreciabl}^ corroded. ‘It is this very wide 
difference in behaviour according to the exact character of the 
surface, and the/manner of exposure, that probably accounts for 
the fact that the‘ re^markably gowd behaviour of these binary 
aluminiumtzinc alloys in the series of tests just described, has not 
been entirely cerffirmed by the work of other investiga*6or8 using 
differenf conditions of exjiosufe. 

Jhe degree pf protection against corrosion when totally immersed 
in sea itater, which seems to have been afforded to the binary alloy* 
of aluminium and zinc by the preparation of a bright maohince] 



ALIOYS HESEAECH. 


193 


TABLE 54. 


Alloy No. ^ 

! 

D09B 

9 per cent Zn. 

Diameter 
Yield stress V\ 
(Tons per sq. in.)(i 
Ultimate stress.! 
(Tons per sq. in.) J 
Elongation per i 
cent on 2 in. / 

D12 

12 per cent Zn. 

Diameter 
Yield stress | 

Ultimate stress! | 
(Tons per sq. in.) i 
Elongation per 1 
cent on 2 in. / 

D15B 

15 per cent Zn. 

Diameter 
Yield stress 1 
(Tons per sq.in.)) 
Ultimate stress, i , 
(Tons per sq.in.)/ 
Elongation per 1 
cent on 2 in. / 

D20B 

20 per cent Zn. 

Diameter 
Yield stress ! 
(Tons per sq.in.)/ 
Ultimate stress. 1 
(Tons per sq. in.)/ 
Elongation per 1 
cent on 2 in. / 

D 25 BB 

• 1 

25 per cent Zn, | 

Diameter 
Yield stress ! 
(Tons persq. in.) / 
Ultimate stress. \ 
^ons persq. in.)/ 
Elongation per \ 
cent on 2 in. j 


Immersed in sea. 


Before* 

1 

(Days.) 


r '' 

j 94. 

20e. ' 314. 

448. 

immeision. 

0-35G 


No change. 


4-30 

4-85 

4-40 5-65 

3-70 

9-10 

9-75 

11-00 13-60 

9-20 

43 

29-0*, 29-0 ' 9-Ot 

30-0 

0-35C 


No change. 


4-65 

5-40 

5-30 6-65 

6-25 

11-10 

12-40 12-90 12-90 

12-80 

36*0^ 

27-5 

30-0 31-0 

27-6 

0-356 


No change. 


7-70 

9-00 

11-25 12-10 

12-00 

15-25 

17-35 18-05 17-75 

1 

17-76 

80-0* 

19-0 

21-0 21-0 

17-6 

0-356 


No change. 


15-25 

16-25 

11-60 16-50 

1 16-05 


• 1 


20-50 

21-15 

20-40 20-60 

1 20-10 

23-0* 

14-0 

17-0 16-0 

15-2 


• 


• 0-35G 


No change. 


16-70 

17-25 

16-40 j 17-36 

17-86 

20-40 

18-90 

18-85 '18-80, 

1 

»18-75 

Jl-0* 

17-5 

16 0 !i6-0 

13 -Ot 


* Elongation measured on 1 inch, remainder on 2 inches, 
t Fracture occurred at gauge mark. 
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surface, does n9t appear to be effective in the case of the ternary 
alloys of aluminium with zinc and copper. A series of test-pieces 
similar to those described abo^p were prepared of a number of 
these ternary alloys, and these also were immersed in the sea. At 
the end of the first period of exposure, however, it was found that 
these test-pieces had corroded so badly that th^y could be broken 
with the fingers, and no tensile tests on them could be carried out. 
This experiment at once demonstrated the fact, which has since 
been very fully corroborated, that the ternary alloys of aluminium 
with co2)pcr and zinc are very readily corroded by exposure to sea 
water, and there is evidence to show that increase both of copper 
and of zinc content tends to raise the degree of corrodibility. On 
the other hand, it must be clearly understood that this extensiver 
corrodibility arises only when the alloys are directly exposed to sea 
water, and in a lesser degree when they are immersed in tap water 
or other less active solutions. When merely exposed to the air, and 
particularly when not exposed directly to the weather, they preser\^e 
a bright polished surface almost indefinitely. The Authors have 
used various utensils, such as rulers, paper weights, lamp stands, etc., 
made of alloy “ A*^ and of various other ternary copper-zinc-aluminium 
alloys, for a considerable number of years in their offices. These 
show not the slightest sign of deterioration in spite of the fact 
that they are daily handled and are only very rarely cleaned or 
polished. The relative corrodibility of these alloys when exposed 
to water, therefore,^ must not be taken as a measure of their power 
of resisting oxida'don or tarnish in the air. In view of the 
very great progress] which has bebn made’ in the preparation of 
varnishes and other protective coatings for light alloys, this degm of 
perfuanence of t^esf otherwise very valuable materials when 
protected from the direct action of corrosive solutions, is a matter 
of very considei^ble importance. Where these materials are not 
exposed directly to contact ^th water, but merely to damp air 
or to occasional spray, covering b^ a good protective coating could, 
it 18 b^eved, *be relied upon to preserve them indefinitely, 

R)r the reasons indicated above, quantitative data in regard to 
corroaon of other alloys referred to in the present Eeport, such as 



ALLOTS RESEARCH. 


195 


alloys E” » T,” and “ alloy “ f ” and alloys <jf tlTe “ D ” type 
(resembling Duralum , arc not a :^Uble. On the other hand, a large 
amount oi experience of the behaviour of tliese alloys has been 
.obtained, am’ tjie Authors, pending more fully detailed investigation, 
would put forward the following provisioifal conclusicns as to the 
relative powers of various alloys to resist corrosion. 

^\) Alloy “ Y ” — Both in the cast and in the rolled condition, this 
alloy possesses considerably bcttcM* jmwers of resisting corrosion, even 
when exposed to sea water, than any of the other alloys described 
in this Report. In comparison with alloys “A,” “E,” “ F” and “ G ” 
the difference in the powers of resisting corrosion is so great that 
/luantitative data are scarcely necessary ; it is sufficient to observe 
the behaviour of the two materials for a short time under almost 
any exposure to severely corrosive conditions. Comparison with 
alloys of the “ D ” type (resembling Duralumin), and with Duralumin 
itself, requires more careful consideration, as the difference is not 
so strongly marked ; in several in8tances,‘'however, which have come 
under the Authors’ observation there could be no doubt as to the 
better behaviour of alloy “Y.” In view of the fact that this alloy 
contains a considerable proportion of magnesium, this result is, 
perhaps, somewhat surprising. It must, however, be correlSted ^ 
with v'hat is already known as to the constitution of this alloy, to 
the effect that particularly in the heat-treated condition, it does' 
not contain free aluminium-copper compound (GuAlj). 

, • 

(2) Alloys “A” '“JE” F These materials cannot 

be exposed to contact with sea watcr^or even prolonged contact with 
weaker saline solu^jons, such as tap water, for any^considerable length 
of time without undergoing very llerious corrosion*, rjiltimately leading 
to complete disintegration. Careful observation with the microscope 
has shown Shat corrosion in these alloys^ and particularly in allj^y “ A ” 
follows the intercrystalline boundaries, but in rolled material it 
shows a preference for boundaries running parallel to the direction ^ 
of rolling. This gives rise to a condition of lamination or exfoliation 
which is peculiar to. these materials. When adequately protected 
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by a varnish oj- other coating, or when kept in an ordinary room 
where they are protected froir\ the direct -action of the weather, 
these materials retain a bright apirface for a very prolonged period. 
They do not appear to be subject to atmospheric Qorrosion to any. 
marked extent. 

4 t 

t ^ 

(3) Other Casting Alloys . — Such alloys as “L5” {21 per cent 
co])per, 12| per cent zinc) and alloys containing relatively hi^h 
percentages of copper, such as the alloy known as “L8,” containing 
12 per cent of co})per, are distinctly more corrodible than castings 
of alloy “Y.” Of alloys of this type, “ L5,’^ containing relatively little 
co])per and zinc, appears to be distinctly better than those containing 
higher proportions of either metal alone or of both metals fcogetheif*!. 


Section V. 

Constitution of the Alloys. 

Inirodudion. 

The previous Sections of the present Report have been devoted 
to a description of the properties and behaviour of a large number 
of aluminium alloys, and in order to shorten and simplify this as 
much as possible, references to their structure and constitution 
and to the theoretical knowledge underlying and guiding the 
various steps in their treatment and production, have been very 
largely omitted, lit is not too much to say,^ however, that such 
success as has been attained in tlie development of the various 
groups of alloys would not hav*> been possible without a concurrent 
stuiy of the alloyj^ ftom the theoretical side, and the information 
and guid|nce wBich that study provided. The account of the 
work on the constitution and structure of the alloys has, for 
convenience, been concentrate in the present Section of this Report, 
but the amount of work to be covered is so large that only an outline 
jan bei given here. In some cases fuller publication, especially of 
the ihore purely theoretical aspects of the work, has been or will 
be made elsewhere, and readers particularly interested in this 
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aspect of the subject arc referred these separate paphrs for fuller 
details.* * 

The v’ork on the • onstitutioi. and structure of aluminium alloys 
covered by t-ho present Report deals in the first instance with the 
study of the equilibrium diagrams and models relating to the alloys 
of the t-^rnary system, copper-zinc-aluminium, ^and an account of 
this work occupies the first portion of the present Section. This 
work has been carried out in continuance of the plan already adopted 
in the preparation of the Tenth Report, and its completion and 
continuance has been necessitated by the concurrent study of 
methods of producing alloys of practical importance belonging to 
this group. 

The second portion of the present Section relates to alloys of 
aluminium with iron and silicon. The study of this ternary system 
has not been carried very far, mainly because the alloys in question 
are not in themselves of any considerable importance or interest. 
It is, in fact, only the near vicinity of the aluminium corner of the 
ternary system with which we are concerned. Iron and silicon 
occur, as is well known, as inevitable impurities in all commercial 
aluminium, and the various forms assumed by these components 
are of considerable importance in the miciographic study both of 
pure aluminium and of its alloys. • 

The third portion of the present Section relates to the alloys of 
aluminium with magnesium and silicon. The study of this system 
in very considerable detail has been undertaken because* some 
preliminary experiments showed that the two elements, silicon 
and magnesium, are fundameiitally concerned in the important 
phenomena which occur when alloys in which th^ are present arc 
quenched and haj’dened by subsequent ageing. The phenomenon 
of hardening by quenching anj ageing in the c^ase of aluminium 


* Hanson and Archbutt. ** MicrograpLy of Aluminium and its* Alloys." 
Jonrn. Inst. Met., 1919, vol. xxi, page ^91. 

Hanson and Gayler. *' Aluminium-Magnesium Alloys." Jou«n. Inst. 
Met., 1990, vol. zxiv, and ** Constitution and Age>Hardening of the AUoys of 
Aluminium with Magnesium and Silicon." Ibid. 1921, Vol. xxvi. 
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alloys containing magnesium was, as is well known, first discovered 
by Wilm * and its practical application lede,to the development of 
the well-known proprietary groyp of alloys called “Duralumin.** 
The discoverer of the phenomenon himself, however, expressly 
disclaims being able to furnish any explanation of its real nature. 
Since this phenomenon plays so fundamental a part* in the 
production of the light alloys having the highest strength and in 
many ways the most valuable properties, it became very desirajjlc 
in the course of the present research to make an attempt to 
elucidate it more fully. The results of this study arc embodied 
in the portions of the present Section which deal with the 
constitution and equilibria of the ternary system aluminium-silicon- 
magnesium, and with a detailed study of the phenomena 
hardening and ageing in aluminium alloys containing these elements, 
and in some cases copper, nickel, and zinc. Although these results 
are here published for the first time in detail, they were arrived 
at some considerable time ago and have been utilised for 
confidential purposes for several years. Full publication was 
undesirable under the conditions of war existing at the time when the 
work was completed. At a somewhat later point the study of the same 
problem was taken up by the Bureau of Standards in America and 
I certain conclusions were arrived at there. f To a considerable 
extent the explanation of the hardening of Duralumin and similar 
alloys suggested by the American workers is in principle similar to 
that arrived at by /^he present Authors, but the American workers 
attribute the hardening effect to the compound CuAl.^, whereas it 
is shown in the present work that this compound is not able to 
produce liardeniijg of the order, of that found in the heat treatment 
of t^icse alloys, and tjiat the part corresponding j/jomewhat to that 
played by ceruentite (FeJO) in carbon steels is played in these alloys 
by the compounj^ Mg.^Si. 

' c ' 

O C~ 

* Wilm. Metallurgie, 1911, vol. viii, page 225. 

t Merica, Wcltenberg and Freemam Bulletin of the Bureau of Standards, 
1919, vdl. XV. 

Hferica, Waltenberg and Scott. Bulletin of the Bureau of Standards, 
1919, vol. XV. 
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V(a). The Constitution of the Alloys of /VSuminium with 

'^INC ANI>‘ jbppER. 

The equ'htrium diagrams of the binary systems of which this 
ternary system is built up arc known with some considerable degree 
of accuracy in thei^ main outlines and form the subject of previous 
reports to the Alloys Research Committee. Certain features of 
tl^se diagrams, relating to the constitution of the alloys in the 
solid state, have, however, not been fully determined in previous 


Fig. <J7. 


Cu 



Fig. 98. 
C. 



investigations, and attempts to "olve these points have been included 
in the present work. 

The portion of the ternary system examined covers the rapge of 
alloys containing up to 25 pe5 cent copper aiid 45 per cent zinc. 
Mixtures of three components can be represented by L;eans of an 
equilateral triangle, of which each corner represents' one component. 
All possible mixtures can then be represented by points within the 
triangle. In Fig. 97 the shaded? portion ABCD represents the part 
of the ternary system which is here described. One hundred and 
twenty alloys have been prepared and examined, and heating and 
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cooling curw3s have brcn taken on 63 of these. In the preparation 
of these alloys, inatcrials of very high puritythave been used, 

I 

^ , 

Experimenial Methods. 

The exj)erijncntal met’hods and apparatus used are mainly those 
which have for some time been adopted for rescarclies of Ihm kind 
at the National Physical Laboratory. Some of these have already 
been described ; others are described in connection with researcjics 
on the constitution of light alloys both in the present Report and in 
greater detail in papers dealing with this aspect of the work more 
fully than is desirable here. 

Constitution of the Alloys. * 

The results of the research may conveniently be described under 
two main headings : — 

1. The Completion of those portions of the binary systems 

necessary for tlv', present research. 

2. The Constitution of the Ternary Alloys. 

Copper- Aluminium Alloys. 

Tlic copper aluminium alloys have been studied by a number of 
workers ; the generally accepted diagram rests on the work of 
Gwyer,* Carpenter and Edwards, f and of Curry, { and may be 
regarded as practically complete at the aluminium end. The 
solubility of the compound CuAl^ in solid aluminium at temperatures 
below the solidus had not, however, been determined. This has 
now been ascertained with som^ accuracy by a series of prolonged 
annealing and quencl^ing experiments for the temperature range 
extending from th%, freezing point of \)he eutectic practically to room 
temperature, and Jhe modified and completed portion of the diagram so 
obtained, is given in Fig. 98 (pa^ 199). It is found that approximately 

^ * Gwyft. Zeit. Anorg. Chem.‘ 1908, vol. Ivii, page 118. 

, t Carpenter and Edwards. Proceedings, I.Mech.E., 1907. 

X Curry. Journ. Phys. Chem., 1907, vol. xi, page 426. 
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5 per cent ot copper is soluble in rilid alunJnium at 540° C., and 
that this amount dec' iases to about 3 per cent, at ^0° C. 

Zinc-AU^mniam Alloys. 

In this sysiom, as established in the Tenth Iveport to the Alloys 
Research Committee, two points remained to be cleared up : (1) The 
cause of the small arrest on thermal curves at a temperature 
somewhat lower tlian the liquidus, and (2) the limits of existence of 
the p phase. The first point has been settled ; the small arrest 
has been found to be due to the presence of iron, which forms 
a eutectic with aluminium. This point may therefore be ignored 
in the study of the alloys under investigation. It is, 
unfortunately, impossible to use material which contains so little 
iron that this point is not found, since it appears when the iron 
content of the aluminium is less than 0*1 per cent. 

With regard to the second point, a considerable amount of 
work has been devoted to an effort to cl'^ar up fully the constitution 
of t\]f' alloys in the region allotted to the “8” phase in the existing 
diagram. Evidence has been obtained which shows clearly that 
under certain conditions the alloys consist of two phases in a part 
at least of the region between the horizontal lines at 443° and 
256° C, The exact conditions under which this resolution into two 
phases takes place are not yet fully 'worked out, and publication of 
the results obtained is for that reason deferred. 


The Goppcr-Ztnc-Aluminium Alloys. 

Within the limits of composition investigated^in this research, 
no new ternary Constituents h^ve been dci;ec*''edr in alloys in a 
state of thermal equilibrium; in the case of Vast aWiys in the 
neighbourhood of the corner C, Fig. 97 (page 199), constituents 
have been observed, probably belonging to the binary systenife, which 
could not be identified with certamty without considerably extending 
the field of the research. Their presence in these alloys is*due to 
inequalities in composition arising from micro-segregation during 
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solidificatiorf'; when ^he alloys are annealed so as to secure 
uniformity of cdinposition, these constituentsi disappear. 

Thermal curves have been obtained from a series of alloys 
containing 5, 10, 15, 20 and 25 per cent, copper, and for each of 
these concentrations of aopper, zinc has been increased in steps of 
5 per cent, from 0 to 45 per cent. , 

On the basis of the data so obtained, it has been possible to 

Fig. 99. 

C. 10 „ Zinc. 20 ; Zinc. 40% Zinc. 



r t 

construct tliagrams which represent sections tl^rough the ternary 
model parallel tc^/the binary plains. Examples of such sections 
are shown fti Figs. 99 and 100, the former representing sections parallel 
to the copper-ffluminium plane, and the latter sections parallel to 
that of zinc-aluminium. Fig. 99 and other diagrams of sections 
parallel to it, thus indicate the equilibria of groups of alloys having 
a ziqp-content which is constant for each section ; in the case of 
Fig. 100 it is the copper-content which remains constant. In these 
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sectionB the ^ull lines arc those which fightly^ belong to the 
equihbrium diagrams . the broN^ lines represent transformations 
which, although indiw^ted by arrests on the* cooling curves, have 
been found on further investigation to be due to metastable 
conditions which disappear on prolonged annealing. 

Fig. 100. 

C.* ^ 10 r Copper. 20'^ Copper. 25% Copper. 



T 

ConstitlUional Model. 

0 • 

From the obs^^rvations made, and by thc^aid of parallel sections 
similar to those given in Figs.®99 and 100, a sc^iS model may be 
constructed representing the constiiiition of the allbys at any 
temperature. In the case of a binary system of alloyS the constitution 
may be represented on a plane diagram. Where three components 
exist two dimensions are nee*ded to represent Composition; a 
constitutional model may then be made on a triangular base, 
temperature being measured in the third dimension. A method 
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has already* been described * wliereby such a model may be 
constructed from different coloured wires in sucli a manner that 
the constitution under any conditions of composition and 
temperature can readily be seen:' A photograj)h of such a model 
for this system of alloys .is* shown in Fig. 101, Plate 19. Since the 
constitution of the ^illoys can most readily be understood from a study 
of the model, it will be described by means of shaded drawings, the 
plane sections like Figs. 99 and 100 being retained so that, when 
necessary, they may be used for more accurate reference to the 
temperatures and concentrations which limit the transformations. 

Liquulus Surface. 

The general shape of the liquidus surface is shown in Fig. 102r 
The point A represents the melting point of pure aluminium and 
the lines AB, AE, the effect respectively of the addition of copper 
. and zinc on the initial freezing point in these alloys. The beginning 
of the separation of the solid solution of aluminium containing 
copper and zinc is represented by the sloping surface ABODE. The 
boundary line CD is the base of a valley beyond which the surface 
CDF, rising towards F, represents the separation from the liquid of 
CuAl.^. The projection of the liquidus surface on the base plane is 
^ shown in Fig. 105 (page 208). All alloys whose compositions lie within 
the area ABODE commence to solidify by the deposition of crystals 
of aluminium solid solution. Those whose compositions lie within 
the area CDF commence to solidify by depositing crystals of (hiAlg. 

«r 

The End of the Primary Separation. 

( ‘ 

The end of the primary separation is represepted in Fig. 103 
by the shaded sur^ces AGLM.and ftGLDKC, which meet along the 
line GL. ^AUoys^ whose temperature ordinates cut the surface 
AGLM become Completely solid at the temperature of that surface, 
and then consist, if in equilibrium, of a homogeneous solid solution of 
copper and zintj in aluminium. Alloys whose temperature ordinates 

* W. KoBenhain. Journal Institute of Metals, 1920, page 247. 
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cut the surface HGLBC consist, at the end of the first period of 
solidification, of solid solution and licjuid ; those whose temperature 
ordinates cut the surface BKC consist at the end of this period of 
CuAlo and liquid. 

Second Stage of Solidificatioru 

Alloys whose temperature ordinates cut the surface HGLDKC 
become solid in two stages. The second stage, which commences 
at this surface, consists in the separation of a binary comj)lcx * 
corresj)onding to the binary eutectic of the copper-aluminium series 
and consisting of the same phases (aluminium and ChiAla) containing 
zinc in solid solution. Neither the composition of this complex, 
nor its temperature of solidification are constant, except along the 
line HG, where the system is one of two components only. Along 
the line GL, which represents the limit of solubility of CuAU in the 
aluminium rich solid solution, the separation of CuALj in infinitely 
small amounts takes place over an infinitely small temperature 
range, but the temperatme of separation falls steadily as the 
concentration of zinc is increased. Elsewhere solidification during 
this stage takes j)lacc over a range of temperature ; this range i? 
bounded by the surface fIGLDKC and the broken surface HGTLNR 
c(the latter shown shaded in Fig. 104) the edges HG and GL being 
common to the two surfaces. 

Over the surface TISMLN, Fig. 104 the last stage of th( 
sobdification consist^ in a reaction between the solid solution whicl 
has already separated and the remaining liquid with the formatioi 
of the compound In the pure zinc-aluminium series thii 

reaction is only f^ound when thj zinc content exceeds 40 per cent 
As the amount of cojiper in the alloys is increased, however, th^ 
; 

In a pifre binary system of alloys a eutectic consisU of two oonstituenti 
which separate at a constant temperature. In the presence of a third element 
the same fixture of constituents teparates over a range of temperature, 
the word eutectlp is not strictly applicable under such circumstances. Tin 
term binary “ complex has been introduced to describe such a mis^dre o 
oonstitoents. The use of the expression ternary eutectic is strictly conraoi 
since this mixture of three constituents separates at a constant temperati^ 
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reaction is fouiid in alloys which possess a lower zinc content. ^ This 
is indicated by the sic i r* of the h< jdary line RS towards the binary 
coppcr-alunnnium facv .of the m*)del. The position of the surface 
RSMLN is ir djcated by arrest points or* the thermal curves. This 
is the solidus of the alloys over this range of composition. 


Chan-ges in Solid Alloy!^. 

Oliangcs in the alloys after they have become solid may be 
discussed under two heads : — 

1. As the alloys containing more than 3 per cent, of copper 
are cooled, separation of CuAl.^ takes place from the solid solution, 
r’nd the composition of this solid solution, is indicated at any 
temperature by the surface GOPL {Fig. 104), which divides the 
alloys in which CuAla occurs as a separate constituent from those 
in which it is not so found. 

2. The second change in the solid alloys occurs at the surface 
RjSjMjLiNi (Figs. 103 and 104). At the points indicated by this 
surface the decomposition of the compound Zn^Alj takes place, 
with the production of two solid solutions (the a and y solid solutions 
of the zinc-aluminium system). The temperature at which this 
reaction takes place is but little affected by the addition of copper 
to the system. It occurs at about 250° C. on cooling and 290° C. 
on heating. 

The shapes and extent of the various phase .held boundaries are 
indicated more clearly in the projections shown in^Figs. 105, 106 and 
107 (page 208) . Fig. 105 shows thv. liquidus surfaces projected on to the 
base of the model. The thick line DC marks the eutecjic valley betw'een 
the aluminihm an^ CuAlg surfaces ; the thin lines are temperature 
contours (isothermals) on those slirf aces. In the sijme way Fig. 1 06 is 
a projection of the boundary between the first aqd second stages 
of solidification. The surface BGLF shows the contours on tj^e upper 
surface of the eutectic field. The surface AGLE is the solidus of 
the aluminium-rich solid solution. Fig. 107 shows the cons^tution " 
of the solid alloys at room temperature. Alloys whose^compositions 
fall within the ayea A^ITS consist entirely of solid solu^n. Those 
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falling witnin tiie siT’ea GTllB contain aluminium-ri(ah solid solution 
and CmAI 3 . Alloys fa! Li 43 within t; ^.rca STLE consist of aluminium- 
rich solid solution and. zinc-rich solid solution derived from the 
decompositioi *pf the aluminium-zinc compound. Alloys falling 
within the area LTRF consist of the three constituents — aluminium 
containing dissolved zinc and copper, zinc-rich solid solution as 
above containing dissolved aluminium and copper, and CuAl^. 

Microstructures. 

The microstructures of the alloys of this system are illustrated 
in Figs. 108 to 119, Plates lG-19. Fig. 108, Plate 16, shows an alloy 
containing 40 per cent of zinc and 10 per cent of copper, as cast. It 
ernsists of primary crystals of aluminium containing copper and zinc 
in solution, and CuAL^. The primary crystals have a cored structure, 
and some parts appear dark in the photograph. This dark appearance 
is due partly to the decomposition of the solid solution at about 
250'’ C. On annealing such an alloy the cores disappear, and it 
consists entirely of aluminium-rich solid solution and CuAl.^. Fig. 
109, Plate 16, shows an alloy containing 30 per cent of zinc and 
20 per cent of copper as cast. The same constituents appear in 
this alloy, but the amount of CuAlj is increased, as is also the 
extent of decomposition of the solid solution. Fig. 110, Plate 16, 
shows an alloy containing 30 per cent of zinc and 25 per cent 
of copper. The composition of this alloy is represented by a 
point close to the line DC in Fig. 105, and it* therefore consists 
almost entirely of a eutectic containing CuAlg (Ifght etching) and 
aluminium-rich solid solution which has decomposed subsequent to 
its formation (dark etching). Fig. Ill, Plate 16# shows an alloy 
containing 45 per#cent of zinc and 20 per centj^ot copper and is 
very similar to Fig. 110 , except that in this ctfee separation of 
CUAI 2 as a jirimary constituent has taken place, b ^ 

The changes which take place in tl^ese alloys as a result «f heat 
treatment may be shown with reference to the alloy containing 30 
per cent of zinc and 20 per cent of copper, which has been illustrated 
in Fig. 109. Fig. 112 , Plate 17, shows the same alloy under a higher 
magnification : in this photograph the duplex structure of the dark 
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ctcliing portion^ can 1)c seen, wliile at the same time there occur, 
associated witli these dark etcl^ng portion^., small pieces of other 
constituents whose identity has ij^ot been determined. On re-heating 
such an alloy for a shorty time above the critical -point at al)out 
250° C. followed by quenching, the structure shoym in Fig. 113, 
Plat.i 17, is obtained. In this alloy duplex jiortions of the solid 
Roliitioii have become homogeneous, but tlie small quantities of 
unidentili(!d constituent referred to above are still present. 
Prolonged annealing, however, results in the disap])earance of 
these constituents ; Fig. 1 14, Plate 17, shows the structure of this alloy 
after annealing for twenty hours at 405° C. followed by quenching. 
After this treatment the alloy consists entirely of aluminium- 
rich solid solution and CuAlo (white). On raising the temperatu-e 
till higher to 425° 0. followed by quenching, the structure 
shown in Fig. 115, Plate 17, is obtained ; melting of the alloy has 
commenced at the boundaries of the crystals. ,The temperature 
employed in this annealing experiment is therefore somewhat 
higher than the sobdus dl this alloy. On raising the temperature 
still further, the amount of liquid increases, as is shown in Fig. 116, 
Plate 18, which represents the alloy quenched from 440° C. 

Fig. 117, Ibatc J 8, shows the structure of the alloy containing 20 per 
cent of zinc and 10 per cent of copper after prolonged annealing at 
420° C. followed by slow codling to 220° C. from which temperature it 
was quenched. This alloy in the “as cast” condition shows 
considerable coring^of the solid solution, and large dark-etching patches 
due to its decomposition. Long annealing produces uniformity of 
comp(jjition throughout the sofid solution, and in this case 
decomposition (loes not occurj in any portion after cOoling through 
thS transformgition t temperature. Fig. 118, Plate 18, represents 
the alloy^containing 25 per cent of zinc and 10 per cent of copper 
after similar treatment. In this case, although the zinc content is 
only & per cent higher, dpcompositipn of the solid solution has 
taken place^ throughout the whole mass of the material. It is 
evident then, that these twCT'alloys lie one on either side of the line KT, 
Fig.*107 (page 208) . Fi g. 1 1 9, Plate 1 9, shows the alloy containing 35 
per cent of zinc and 20 percent of copper after the same treatment. 
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The duplex* ch|Lractef of the decomposed solid solution is very 
clear in this case. 


Y ( h ). The Constitution of the SiLicoN-lRojr- Aluminium 
Alloys. * * 

The Iron-Aluminium Alloys. , 

It appeared necessary as a preliminary to the investigation 
of the ternary system to review the binary system, iron-aluminium, 
at the aluminium end. This has previously been investigated 
over the whole range of composition by Gwycr, who found that 
iron forms a compound FeAla with aluminium ; his diagram 
however, not complete at the aluminium end. 

For the present purpose alloys have been prepared in which 
the iron content varies from 0-20 per cent, and cooling curves have 
been determined on these alloys. The results aie expressed in the 
diagram shown in Fig. 120 (page 211). The compound FeAlj forms 
with aluminium a eutectic containing 2 per cent of iron and melting at 
648® C. This eutectic temperature is very close to the melting point of 
pure aluminium, and il is practically impossible, in the case of alloys 
containing less than the eutectic percentage of iron, to distinguish 
between the arrest due to the separation of primary aluminiuiti 
and that due to the separation of the eutectic. With alloys of higher 
iron content, the bquidus arrest point rises rapidly, and in the case 
of an alloy containing 20 per cent of iron, separation of FeAlj 
begins at a temperature higher than 1,000° C. FeAlg is practically 
insoluble in sc^jid aluminium,^, and no sample of this metal which 
the Authors 
compound. 

Silicon-Iron-Aluminium Alloys. 

In ordei; to investigate the. constitution of this system, five 
different series of alloys containing 1 to 8 per cent iron have beeh 
prepared, the iron content being maintained at a fixed value in each 
series, while silicon was present in proportions up to 8 per oeftt. 


have examined is quite free from particles of the free 
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Each ol series c f alloys lies, therefore, in a plaice of the ternary 
model of the sysiein f 'i^llel to the ^luniiniurn-silicon face. Thermal 
curves have been tti-'cu of tL -e alloys, and the arrest points 
obtained aie shoT7n in the diagrams in Figs. 121 to 125. These 
diagrams represent sections of tlic ternarf model which have been 
arrived &t part^^ by the aid of thermal curves and partly as a 


Fig. 121. 1% Iron. Fig. 122.-2% Iron. 



result of the microscopic exanunation of heat-ceated specimens. 
Fig. 121 represents the section corresponding to a constant iron 
content of 1 per cent. Th^ first separation from the liquid takes 
place along the line AB and consists of aluminium-rich solid solution. 
The point A in this section corresponds to a point or. the AB 
in Fig. 120. The line DE indicates the separation of the aluminium 
iron binary complex. At the temperature of the line GE, the 
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compound^^FeAly, wlfich has already separated as part of the binary 
complex, reacts with a portion of the /liquid to form a new 
constituent, which will bo referred to as constituent X. At a 
lower temperature, namely, thao of the line JK, a^ternary eulectic 
solidifies, consisting of ’^the constUuent X, aluminium and silicon. 
The line EF appears to represent the separation of a binary complex 
consisting of X and aluminium. The next section, Fig. 122 (page 213), 
represents alloys containing 2 per cent of iron. This is very similar to 
the previous section. Fig. 123 (page 21 5), is the section representing 
alloys containing 4 per cent of iron. In this scries the primary 
separation no longer consists of aluminium-rich solid Lsolution ; the 
[)oint P belongs to that part of the aluminium-iron binary diagram 
where' FcAl., separates from solution, and this* same constituent 
appears to separate along the line PQ. At the point Q, however, the 
lirection of the liquidus changes, as is shown by the dotted line 
[JR. It seems probable, therefore, that over this portion a different 
■•onstituent separates, but the Authors have not as yet carried their 
nvestigation sufficiently far to identify this new constituent. In the 
jections shown in Figs. 124 and 125 (page215), the same characteristics 
appear. The actual changes which take place in the alloys between 
}he line PQR and linc^DEF have not been fully investigated. Up 
}o the point Q they appear to be simple, and between this line and 
}he line DE, separation of FeAlg appears to take place continuously. 
Below the line QR, however, other reactions occur, giving rise to 
irrest points on the cooling curves. These arc indicated by plotted 
points in the sections representing alloys containing 6 per cent of 
ron (Fig. 124), and 8 per cent of kon (Fig. I2b). The constituents 
involved all have a very similar appearance under the microscope, 
ind are very difficult to distinguish from FcAlg. ^.In view of the fact 
ihat this portion the diagram do^snot represent alloys of practical 
mportance, an(| since the elucidation of the constitution over this 
•ange pf composition appeared likely^ to take considerable time, 
ibis work was suspended in order that more urgent problems might 
)e inyeatigated. In that part o'! all sections representing alloys 
iontaining up to about 4 per cent of silicon, the constitution 
8 believed to have been satisfactorily determined, and is indicated 
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Silicon per cent 
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by the diffft'ent phaffe-fields shown in the sections in Figs. 121 
to 125. ' 

The small area DOLG on each section represents alloys consisting 
of aluminium and FeAl^. Thisis ali extremely narrow section runhinf 
parallel to the aluminium' iron binary face of the constitutiona 
model, so narrow hi fact that it is not possible accurately to dctermin( 
its position on account of the presence of a certain amount of silicoi 
as an impurity in all the alloys used. The area LGHM represent] 
alloys in which aluminium rich solid solution, FeAla and th< 
constituent X are all present, while the area MHJN represent! 
alloys in which all tlie FcAl.j which first separates has been convertec 
into the constituent X. Figs. 12() and 127, Plate 20, represent th( 
inicrostructure of alloys in each of these sections respectively, 
Fig. 126 shows an alloy containing 1 jier cent of silicon anc 
8 per cent of iron (magnification x 1,000); the alloy consists of £ 
matrix of aluminium rich solid solution containing a long crystal o: 
FcAly surrounded by an envelope of the constituent X. Fig. 127 
which represents the alloy«containing 2 per cent of silicon and 8 pei 
cent of iron ( x 1,000), shows aluminium rich solid solution and th( 
constituent X. These alloys were photographed after a prolongcc 
period of annealing {17(>hours) at 565° C. 

I» the area lying beyond the lines JK and JN, silicon occun 
as a separate constituent. It separates as one of the constituent! 
of the ternary eutectic at a temperature of 570° C. This ternar} 
eutectic has not a typical “ eutectic ” appearance, since it consist! 
largely of aluminium, and contains but small quantities of silicoE 
and the constituent X. Fig. 128, Pkte 20, shows an alloy containing 
3 per cent silicon and 1 per cent yon (magnification x 1,000). Silicoi 
appears as the darkest^ constituent. , 

It follows fro^ the results of this investigation that mosi 
commerciaf alumyiium (and its alloys) do not contain, as has usuallj 
been supposed,* the free compound FqAlg, except posibly as t 
metastable constituent. The proportion of silicon present is usuall) 
Buflicient to convert all the FeAlJ which first separates into the 
constituent X. 
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^( c ). The Alloy^s of Auminium with Magnesium, with Silicon. 
AND with MaGNEISIUM AND SfLICON. 

Aluminium-Mag^iesium Alloys. * • ♦ 

t 

The only constitutiond'diagraiA of the aluininiuin-magnesium 
illoys previously available was due to Grube* a«d was admittedly 


Fio. 130. — Aluminium-Magnesium Alloys. 

A INDICATES HOMOGENEOUS ALLOY 
a „ DUPLEX ALLOY 



lYhile for the particular subject under discussion an investigation 
nto the*whole series of alloys was not necessary, yet it was thought 

- - . 

♦ Grube. Zeit. Anorg. Ohem,, 1906, vol. xlv, page 225. 
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in view of future possible extensions in the upplic^ioh of magnesium 
alloys that it wouVf.be desirable to redetermine the constitution 
over the whole system. This ! as therefore been done, and the new 
diagram is shpwn in Fig. 1 29 (page 21 7). This is based not only on the 
result of a large number of thermal curves, but also on the microscopic 
examiftation of a large number of specimens alter special prolonged 
heat treatment. The full details of this treatment have been 
s^arately described • and reference should be made to this Paper 
for the more complete account of the methods used. The main 
differences between this diagram and that of Grube are found over 
tlie composition range extending from 33 to 45 per cent magnesium. 
In this region it is shown that a compound AlaMga exists, which 
, forms a eutectiferous system both with aluminium and with Al.jMgj. 
Near the ends of the system, the solubility of AlgMga in aluminium 
and A^Mgg in magnesium have been accurately determined over a 
wide range of temperature. It is found that solid aluminium will 
hold in solution approximately II per cent of magnesium at a 
temperature of about 420° C. At Iowct temperatures the solubility 
of this compound decreases slightly and is about 9*5 per cent 
at 150° C. Fig. 130 shows the data on which the solubility curve is 
based. ■ Up to these percentages, therefore, aluminium-magnesium 
alloys consist of homogeneous solid solution, though it by ncr means 
follows that the alloys in the cast state have this constitution. Fig. 131 , 
Plate 21 , represents an alloy containing 10 per cent magnesium. 
This alloy has been annealed at 420° C., aftpr which treatment it 
was homogeneous ; it has subsequently bee» slowly cooled from 
420° C. to 160° C., during whkh treatment some particles of AlgMga 
(dark etching in the photograpl^ have separated from solution. 
Fig. 132, Plat^ 21, shows the structure of an alloy containing 
20 per cent magnesium. Fi|. 133, Plato 21 , .represents an alloy 
containing 36 per cent magnesium. In this case it consists largely of 
AI 3 Mga^dark etching), wj^ile the amount of solid solutioji is small. 
This alloy consists of practically pure eutectic. 

In the case of the alloys rich in magnesium, the compound 


Hanson and Gayler. Journal Institute of Metals, 1920, vol. ii. 
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AlaMga does not appcaf as a separate constituent at 4.20° C. until 
about 10 per cent aluniinium is present, tlii^* solubility decreasing 
slightly as the temperature is lowered to about 9 per cent at 150° C. 
In this case also, chill cast samples contain free Al^lVIgj when ihe 
aluminium content exceeds* about b per cent. A photograph of 


Fig. ISb.— Aluminium-Magnesium Alloi/s. 
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Mechanical Properties ofMluminium-Magnesium Alloys, 

A niynber of mechanical tests have been carried out to determine 
the efiect of magnesium on aluminium ; ^the results are plotted in 
Fig. 135, It is seen that magnesium has a pronounced effect in 


Hardness, Brinell. 




ALLOTS RESEARCH. 


221 


increasing the mechanical strength of alu-ninium. 'For example, 
the addition of 2 per cent raises^the hardness, as measured by the 
Brinell method, from 15 to 39, hile the tensile strength is increased 
from I tons to nearly 10 toLi per square inch. With higher 
percentages the aUoys becomS still harder, and in fact they are 


ii’iG. 136. — Aluminium- Silicon Alloys. 



extremely difilcult to forge or roll when more* than 4 or 5 per cent 
if magnesium is present. 


Aluminium-Silicon Alloys. ^ 

Aluminium and silicon form a simple eutectiferous^ series with a 
3utecti(^ point at about 10*6 per cent silicor. Silicon itself is 
sparingly soluble in solid aluminiujn, the maximum amount which 
it has been possible to bring into solution being about 1 *6 per cent ; 
this solubility does not appear to decrease appreciably as the 
temperature is lowered. The equilibrium diagram is shown in 
Fig. 136. A photomicrograph of an aluminium-silicon alloy containing 
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3 per cent sili(oii is sho^^n in Fig. 137, Plate 21, in which the silicon 
appears as the dar£er constituent. This sample 'is unctched, since the 
bluish-grey colour of the silicon makes it possible to distinguish 
it from aluminium witljout special etching of the specimen. An 
interesting point has been oiyserved ih connection with the chemical 
behaviour of aluminium alloys containing silicjn. When' these 


Fig. 138. — Aluminimn-Silicmi Alloys. 



* Silicon per cent ^ 

t 

are attacked with ^.rong oxidizing agents in the ordinary methods 
of chemical analysis,^, it frequently happens ifhat part of 
the silicon remains /unattacked an(f is returned as free silicon, 

p 

while part is oxidized and is returned as silica. In these 
alloys it Ijgs been shown that the portion which is oxidized 
to SiO., is that which existed in the state of solid solution in 

“ c * . . 

the alloyt (or in a state of combination), while that portion 
which is returned as free silicon existed as^ crystals of free silicon 
in the alloy itself. 


Hardness, Brinell. 
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Mechanio2l Properties of Silicon-Alun^inium Alloys 

The effect of silicon on the mechanical properties of aluminium 
has been investigated over a f^^rly wide range of cdmposition. 
Silicon-aluminium alloys ^te very readily forged and rolled, and 
these operations have been carried out on an alloy* contajping as 
much as 20 per cent silicon. Hardness tests on these alloys as 
forged and tensile tests on the alloys in the form of rolled strip in. 
thick are shown in Fig. 1 38 (page 222) . The first effect of the addit^ion 
of silicon is to increase the tensile strength and hardness very 
appreciably. This increase, however, becomes less rapid when the 
silicon content exceeds 1-lJ per cent, a composition which 
corresponds with the limit of solubility of silicon in aluminium. 


Alloys op Aluminium with Magnesium and Silicon. 

< Constitution. 

The constitution of these alloys has been determined by means of 
thermal curves, and by the microscopic examination of heat-treated 
specimens. Thermal curves have been taken on alloys containing 
from 0 to 35 per cent magnesium and 0 to 11 per cent silicon, a total 
<of abcut seventy alloys having been employed for this purpose. The 
results of these thermal (jurves are shown in the diagrams in Figs. 139 
(page 223), and 140 (page 225). These diagrams represent sections 
through a ternary copstitutional model, the sections being parallel to 
the aluminium-magnesium face ; they therefore represent a series 
of alloys in each of which the silicont content is kept constant, while 
the magnesium content is incr^sed from 0 to 35 per cent. The 
modifications of the original binary diagram whicjti result from the 
addition of silicon ^an be followed '^tep by step, but they become 
somewhat dbmplicated after the addition of more than 1 per cent of 
silicon, and are •hardly intelligible until they have been^ collected 
together to form a ternary equilibrium model. It inay, however, 
at this |tage bS mentioned that the*points marked on the diagrams 
are actual observed points on thermal curves. These in themselves 
are not sufficient completely to determine the constitution of the 
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alloys since equijibriuiii conditions are not, as a rule, obtained with 
rates of cooling suitable for the taking of thermal curves. In some 
respects, therefore, chiefly with regard to the solubility of the 
constituents in one another in tEe solid state, the diagrams have 
been completed as a result' of prolonged annealing of selected alloys 
followed by microscopic examination. For example, the line ND, 


Fig. 142. — Silicon-Magnemm-Aluminium Alloys. 


LiquiduH Surface. 



which appears in ^ the sections shSwn, would be prolonged beyond 
the point b if cooling curve observations were relied upon to give 
the final t 

The data obtained from these sections have been combined 


together to *forin an equilibrium model, which represents 


simultaneouBly the effect of variations of composition and 
temperature on the constitution of the alloys. A photograph of 
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such a model, constructed in tlie manlier which has already been 
referred to, is shown in Fig. 14b, Plate 22. This, however, is 
somewhat complicated and the !»hotograph does not lend itself 
readily to detailed explanation, jii though the model itself is well 
suited for that purpose. A number of diagrams in perspective have 
therefore* been prepared in which the various surfaces and phase 


Fig. 148. — Silicon-Magnesium- Aluvdniufu Alloys, 
Second Stage of Solidification. 



of shading. Fig. 142, which shows one of these diagrams, represents 
the liquidus surfaces of tli# ternary^ system ovef the range of 
composition under investigation. This consists of four different 
surfaces, of which two, E.^GS and EjHM, representing respectively 
the surfaces at which silicon and AlaMgg begin to separate, are Very 
small. The remaining surfaces arc AE^GBEgEiEi and DCBB3E4H 
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whi( 5 h intersect lalong the line BE 3 E 4 and form a valley which has a 
maximum point at E 3 . The first of these » 3 urfaces represents the 
beginning of the separation of aluminium containing dissolved 
silicon and magnesium, while the other surface rrepresents the 
points of first separation' of a compound of silicon and magnesium 
having the formula MgoSi. The common line o\ intersection BE3E4 
represents points at which a eutectic-complex of these two 
constituents begins to separate. These surfaces may be said to 
represent the first stages in the solidification of these alloys. 

The second stage of solidification is shown in Fig. 143 (page 227), 
This shows three surfaces representing the separation of three 
different eutectic complexes. The surface KLTR slopes downwards 
from the binary eutectic line KL, and represents the beginning <of 
the separation of the aluminium-silicon eutectic complex. The 
surface PQVU sloping downwards from the binary eutectic line PQ 
represents the separation of the aluminium- AlaMg.^ eutectic complex. 
The surface KTOFVUN is of more complicated shape. It slopes 
downwards on either side of the horizontal line NO, which lies 
wholly within the surface. On the one side it meets the aluminium- 
silicon complex surface in the line KT, while on the other side it 
meets the aluminium-kljMga complex in the line UV, This ridge- 
shaped surface represents the upper limit of the separation of a 
eutectic complex of aluminium and the compound MgjSi; its 
intersections with the other two eutectic surfaces, the lines KT and 
UV, are horizontahand lie in the two ternary eutectic planes which 
the system posse^cs, and which arc shown in the next Figure, 

Fig, 144 represents the end of the solidification (or solidus) of the 
alloys. This censists of sev^n distinct surfaces and completely 
cov'ers the whqje rapge of compositions in the alloy system. The 
surface ly^ZR r<!^iresents the end of the separation of the binary 
eutectic (or convplex) of aluminium and silicon, and allots over this 
range of compfosition are completely iSolid after the end of the 
separation oHhis complex. The horizontal planQ RZW represents 
the 'separation of a ternary eutectic of aluminium, silicon, and 
Mg^Si, the two surfaces NOWR and NOYU represent the solidus 
of the aluminium-Mg^Si eutectic complex, and have the same ridge- 
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shaped formation as has the uppc’* limit of the s^aration of this 
body. It may be nnf/d at this stjj-ge that the line NO is common 
to both the upper and lower limits of the separation of the aluminium- 
MgoSi complex^; in other words, along this line this complex is 
strictly a eutectic, separating at a constant temperature and not 
over a range of ten.perature. The points G shown in the different 


Fig. liL—Silicoii-Magnesium-Aluminium Alloys. 
Solidus of Alloys, 



diagrams in Figs. 1 39'and 1 40 arl points on this liniilSo. This fact will 
be commented upon later. The surface NOWK meets the aluminium- 
silicon-MgaSi ternary eutecjic plane in BW. The surface NOYU 
meets another ternary eutectic plane in XJY, This latter ternary 
plane UYXJ represents the separation of a ternary egitectio 
consisting of aluminium, Al 3 Mg 3 and Mg 2 Si. The surface PQJU 
represents the end of the separation of the binary eutectic complex 
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of alaminiuin and Al..Mg 2 and intersects tie corresponding ternary 
eutectic plane in UJ. Finally, the complicated surface AKRNUP, 
which slopes somewhat steeply from the point A, represents the 
solidus of the aluminiam-rich solid solution containing dissolved 
silicon and icagnesium. • 

Fig., 145 is another diagram showing the solidus surface when 
viewed from near the aluminium corner. This Figure illustrates 
particularly well the ridge-like shape of the solidus of the aluminium- 
MggSi eutectic complex of which the horizontal line NO forms the 
crest. The solidus of the aluminium-rich solid solution is not drawn 
in this Figure. 

Figs. 146, 147 and 148 show projections of the different surfaces 
of separation on the horizontal base of the model. Fig. 146 is a 
projection of the liquidus surfaces and the different areas show the 
ranges of composition over which the four constituents — aluminium, 
Mg 2 Si, silicon, and Al^Mg-^ — are the first to separate from the molten 
metal. The thin lines are temperature isothcBmals. Fig. 1 47 (page 
232), shows in like manner the ranges of composition over which the 
different binary eutectic complexes of the system separate, while 
Fig. 148 (page 232), is a projection of the constitution of the solid 
alloys immediately after the solidus has been passed. 

Typical microstructures of these alloys are shown in Figs. 149 
to 153, Plates 22 to 24. Fig. 149, Plate 22, shows an alloy containing 
5 per cent magnesium and 4 per cent silicon. It consists of primary 
crystals of aluminium containing dissolved magnesium and silicon, a 
coarse binary eutectic complex consisting of jfluminium and Mg 2 Si, 
and a fine-grained ternary eutectic consisting of aluminium, Mg-^Si, 
and silicon. Reference to the projections of the solid model will show 
that this is the constitution whiA is indicated fbr an alloy of this 
composition. Ffg. 150, Plate 25, shows an alluy coiitaining 10 per cent 
magnesium and 4 per cent of silicon. In this Section ^here is very 
little primary separation of aluminium, and the alloy consists very 
largely of a binary eutectfc coraple»of MgaSi an(! aiumirilum. The 
composition of this alloy is very nearly that of ihe pure binary 
eutectic of these two materials ; a slight excess of aluminiUm is, 
bowever, to be observed. Fig. 161, Plate 23, shows the microstructm^ 



Fig. 148 . — Solid Allotts 
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of an alloy containing 10 per cent of magnenum and 3 per cent of 
silicon. This consists of a few large primary "crystals of the 
compound Mg 2 Si, a considerab? i proportion of eutectic complex 
consisting of MggSi and aluminiur i and a small proportion of ternary 
eutectic of aluminium, Mg^Si and silic*’*, which has an indistinct 
fine-grained structure. Fig. 152, Plate 23, shows an alloy consisting 
of 25 per cent magnesium and 2 per cent of silicon. In this alloy 
the primary separation is of crystals of Mg^Si, which are shown 
as Ihe dark etching constituent in the photograph. The remainder 
consists of binary eutectic complex of aluminium and MgaSi, and 
a ternary eutectic of Mg^Si, aluminium and Al;,Mg 2 , the latter 
constituent having a medium tone between the light aluminium and 
the dark Mg 2 Si. The characteristic appearance of the binary 
eutectic is not always visible in alloys in which the separation is 
really that of a complex taking place over a wide range of temperature. 
Under these circumstances, deposition of the one constituent may 
take place on the primary crystals which have already separated 
during the first stage*^of solidificatioi}^ and in consequence, the 
typical appearance which one usually associates with a eutectic may 
be lost. 

Crystals of MgjSi in these alloys have a very beautiful and 
characteristic appearance, especially when they occur in, larg^ 
quantities as a primary separation. They have a beautiful blue 
colour, and appear iridescent in the polished specimen, in which 
they are visible quite readily without etching. Fig. 153, Plate 24, 
shows the appearance of an unetched alloy conjaining 35 per cent 
magnesium and K) per cent^f silicon. The dark crystals are 
MgjSi. The compound AlgMgg, which also exists in this alloy, 
does not appear until the sample % etched. * 

A careful examination of the constitutidba^Aodel reveals the 
fact that aluminium and MggSi form with one auothw a system 
which has the properties usually associated with ap ordinary binary 
system of alloys. For example, tl]ft two constituents form with 
one another a true eutectic along the line NO, whiclf has a constant 
temperature of separation, and the typical appearance un4pr the 
microscope of an ordinaity binary eutectic. Elsewhere in the 
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system, the •jeparatioi) of this body takes place over a range of 
temperature, while the beginnings of its separation always occur 
at a lower temperature than that of the line NO. It would 
seem, therefore, that these two constituents form a siiiipl4 binary 
system, whose^ base-line on the equilateral triangfe representing 
the ternary system runs from the aluminium cornA* to the point 
of the Mg-Si line representing the compound Mg^Si. The whole 


Fig. 154. — Aluminium-Magnesium- Silicide Alloys, 



Magnesium Silitide per cent 


moc^el may therefore be regarded as divided into two parts, one 
representing thd jjonStitution of alloys of silicon, aluminium, and 
Mg^Si, anti the other representing the constitution of alloys of 
magnesium, aluminium, and MgaSi. This division is wsry clearly 
brought* out on the constitutional model. The plane ANE3OC 
(Figs. ^142, 143 and 144) divides ‘the system into* two parts, each 
of wjiich is a complete ternary system in itself. 

A number of experiments have been canied ouf; v}th tho 
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object of ytiidyiug in detail the constituti* n of this binary system 
Al-Mg.jSi . Thermal e^irvcs were taken with alloys whose composition 
corresponds to various memb*'>'< of this system with the object, 
partly of verifying its binary character and partly of studying the 
solubility of the compound Mg^Si iif aluminium. The diagram 
obtained from the le experiments is shown in Fig. 154. The eutectic 
point lies at 13 per cent of the compound (8*2 per cent magnesium 
arid 4*8 per cent silicon), while the limit of solubility at the eutectic 
temperature is 1*6 per cent of the compound (1*0 per cent 
magnesium and 0*6 per cent silicon). As the temperature falls 
the solubility of thi.s compound decreases very appreciably as 
shown by the line NNj (Fig. 154). An examination of alloys which 
had been made homogeneous at 580® C. and were then very slowly 
cooled to 30® 0. showed that at this lower temperature not more 
than 0*54 per cent of Mg.jSi could remain in solution, while it is 
thought* that actually this figure should be less, since it is difficult 
to attain equilibrium in a reasonable time^at low temperatures. 
This may be illustrated by Figs. 156 and 166, Plate 21. Fig. 156 
represents an alloy containing 0*85 per cent magnesium and 0*5 
per cent silicon, quenched after prolonged annealing at 581° C. 
It consists entirely of homogeneous solid solution in which the 
compound is wholly dissolved. Fig. 156, Plate 24, shc^s the 
microstructure of the same alloy, the only difference in treatment in 
this case being that it was very slowly cooled to 30° C. instead of being 
quenched. During this slow cooling a certain amount of MggSi 
has separated from solution. The effect o! the addition of excess 
of either magnesitim or silicoii on the solubility of MgaSi has also 
been .determined and is indicated by the line ZRNU in Fig. 148 
(page 232). This refers to the sofubility at the moment of complete 
solidification of the alloys. •The dotted tne^ fn the same figure 
indicates the solubility at 160° C. 

^V(d). The Age-Hardening oi*the Alloys op Aluminium 
WITH Magnesium and Silicon.* 

The extent to which silicon and AlyMgg are soluble in aluminium 
both at high and low temperatures, has been indicated above (pages 
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219 and 221), In the case of silicon, no va’ iation of ijolubility with 
temperature has been ‘found, while^in the case of AlgMg.^, there is only 
a small decrease of solubility wic '. falling temperature. On the other 
hand, the coinpound MgjSi is mu -h more soluble at high temperatures 
than at low. In view of the fact, which i^as already been established, 
that magnesium :md silicon in combination confer on aluminium 
the property of hardening after quenching, experiments have been 

Fig. 159. — Hardness of Quenched and Aged Alloys plotted against Composition. 





undertaken with alloys in whiA the compound i^gjSi and aluminium 
are the only constituents, in order to ascertain the influence of MgjSi 
on the 8ge-hardening qujlities. A series of alloys has, therefore, 
h^n prepared^ whose compositions Ve represented by points along 
the line NO, Figs. 143-145. In these alloys the toount.of MgjSi 
increases progressively up to a concentration well beyond the limit of 
solubility of this compound in solid aluminium at a high temperature. 
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Two chill castfings^ of ea^li of these alloys were prex)arcd. One was 
forged hot from one inch diameter ^(as cast) to ^ thickness of ^ inch, 
and used for hardness tests ; the other was forged and rolled into a 
strip y\y inch thick and used for tmsile tests. The pmples were 
annealed for one hour at temperature of 500° C., after which 
treatment one set of samples was quenched in waiter and the other 


Fiu. 160 . — Difference between Tensile Strengths of Aged and Slowly-Cooled 
Specimens^ plotted against Composition. 



slowly cooled in the f jArnace. After a ^period of about seven days, 
mechanical t6jts were carried out on the alloys. Results are shown 
in Figs. 157 anJ 15^ (page 236), representing tensile and “brineU’* 
hardness tests respectively. The study of these diagrams shows thet 
the increase in hVrdness produced during ageing of the alloys after 
quenchisg rises progressively with the amount of MggSi present 
in the alloy, until the limit of solubility is reached, beyond which 
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the total increase in hardness ren^ains pra ticall;^ constant. It 
would therefore appear that the extent of the age -hardening which 
takes place is roughly proportioi'al to the amount of magnesium 
silicide in solut^n at the moment i f quenching. Further to confirm 
this view, other experiments were undeA&ken in a similar manner 
on othef alloys of uhe ternary system — not necessarily belonging 
to the binary aluminium -Mg^Si system — and therefore lying to either 
side.of the line NO. The alloys examined are indicated in Figs. 159 
and 160, and the results of the tests are also indicated in these Figures 
and in Figs. 161 and 162 (page 240). Here again in each of the 
series of alloys examined it is found that the hardness due to ageing 
increases with the amount of Mg-^Si in solution up to the limit of 
solubility at the quenching temperature. In Figs. 159 and 160 the 
limit of solubility at high temperatures is indicated by the full 
black line, and it will be observed that the alloys examined reach 
a maximum hardness in the neighbourhood of this solubility line. 

The results which are summarized in these diagrams leave little 
doubt that the ageing of these alloys i'’ due to the fact that, on 
quenching, the compound Mg 2 Si is retained, probably in solution, 
in an unstable condition from which it tends to revert to a more 
stable form. It would a])pear that the gr^'.dual hardening is due 
to the changes which occ’ur in the alloy as the result of the tendency 
to the formation of separate crystals of aluminium and MggSi, 
existing side by side in the alloy. That the separation of particles 
of MggSi of large size does not take place is established by microscopic 
examination, and further confirmed by the mecjianical tests, since 
an alloy in this condition ha« a tensile strength and hardness 
considerably less than that of the quenched alloy immediately 
after quenching and before ageing takes place. An age-hardened 
alloy appears to reach a hard metastable sta+^e,* which is either 
permanent, or at least persists for a period of many years. All 
the evideftce at the Authors’ disposal suggests tljat the alloys in 
the-.quenched and age-hardened condition may bo regarded as 
permanent at ordinary temperatiires. Some of the material produced 
in the present research has been under observation for periods up 
to ten years, while samples of commercial duralumin, first tested in 
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1912, have been re-tested in 1920,* giviaj results which only 
indicate slight further hardening. ,, It is possible that this condition 
is attained when the precipitated particles have reached a definite 
size (or exist within certain of size), and that a condition 

of increased hardness is associated wifct* this particular degree of 
dispersion.* 

Rate of Hardening During Ageing. 

In the case of commercial Duralumin, it is usually found that 
about four days arc required in order to obtain complete hardening 


Fig. 163. 



of the alloy at the ordinary temperature, although the greater part 
of this hardening takes place within the fir^t, twenty-four hours. 
Experiments were undertaken in order to ascertain the rate of 
hardening of the alloys now under discussion, and the curves shown 
in Fig. 163 indicate the rate of hardening of thjee alloys of the 


following compositions 

— 

• • 

^ /Magnesium 
\Silioon . 

. 1 perxjent. 

. 0-6 

• 

Bemainder Ali^fiiium. 

o /Magnesium 
^ \Silioon . 

. .0*6 „ 

. 0-6 • 

• 

Remainder Aluminium. 

® (siS^n . 

. 2 

. 0*6 „ 

• 

Remainder Aluminiuiff. 


* Jeffries. Journal Institute of Metals, 1919, No. 2, page 329. 
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After forging, spccimais of these alloys were quenched, and then 
tested at intervals while ageing w/is proceeding. It will be observed 
from the curves that alloys 1 and 2 harden relatively rapidly, the 
full hardness being attained in abovitfour days ; subsequent hardening 
after this time is very slow. On the other hand alloy No. 3, which 
contains an excess of magnesium over that re ^uired to f«rm the 
compound Mg-^Si, hardens much more slowly, and the process does 
not appear to be complete after twelve days’ ageing. Furthermore, * 
in spite of the fact that the amount of silicon in the alloy is the same 
as in alloy No. 2, and that the amount of the compound Mg^Si present 
is greater than that in alloy No. 2, the amount of hardening on ageing is 
less ; the reason for this is not far to seek, since a reference to Figs. 159 
and 1 60 shows that the solubility of this compound in solid aluminium 
at high temperatures is rapidly decreased by the addition of 
magnesium, and when the magnesium content reaches 2 per cent 
the amount of compound which will dissolve is only about 0*7 per 
cent. Considerably Uss total hardening would therefore be expected. 


Effect of Ageing at a Temperature Higher than 
« Atmospheric. 

• Sihee it appears that the hardening of alloys of this type is due 
to the fact that the quenched solid solution which exists at a high 
temperature cannot remain unaltered at room temperature, it appeared 
to be worth while tp investigate the effect on this solid solution of 
ageing at temperatures higher than atmospheric, since it seemed 
probable that by suitable adjustment of conditions better mechanical 
properties could J)c obtained. JThe alloys used in determining the 
rate ‘^of hardening ^cre therefore re-annealed< at successively 
increasing tempei^tures, which are indicated in Fig. 164, the 
specimens Seyig ^nnealed for oile hour at each temperature. Both 
hardness^ tests and tensile tests were ipade on samples after this 
treatment, with the results indicated in the curves of Fig. 164. t At 
first the effect of an increase of temperature is not considerable, 
although it is quite marked at 100° C. With higher temperatures 
the mechanical properties of the alloy are improved until a maximum 
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is reached in the neighbourhood of 200° C. Anneal j^g at still higher 
temperatures results i: » n rapid fall oiboth hardness and tensile strength 
f in all t^iesc alloys. It isinter<"sljng to note that the same optimum 


FdG. 164. ^ 
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after quenching., The (5gures given show, both in tlic case of tensile 
strength and hardness tests, anrincrcasc to -about three times the 
original valu(‘. There seems to be little doubt that in the case of 
all the alloys of this system the best results can be pbtained by re- 
heating, after quenching, fd a slightly elevated temperature, which, 
how(^ver, may vary slightly from alloy to tllloy, althtJugh the 
experiments carric^d out suggest that heating at about 200° C. will 
give the best results. 

Hardening of Silicon-Magnesium-xVluminium Alloys 
CONTAINING CoPPER, ZiNC OR NiCKEL. 

Experiments liave been undertaken with the object of 
ascertaining the respective effects of copper, zinc, and nickel oil 
the age-hardening produced in aluminium by the compound MgaSi. 

Copper, 

A constant coppef content of 3 per cent has been used throughout 
this series of alloys. The 'amount of magnesium silicide has been 
progressively increased from the minimum possible, corresponding 
to the silicon content of the aluminium used, to nearly 3 per cent. 
Two samples of each of the alloys were annealed at 500° C. ; one 
•sampte was then quenched in water and the other cooled slowly in 
the furnace. After being allowed to age for three weeks at room 
temperature, liardness tests were made on these samples, and the 
results are shown i^ Jibe curves of the lower portion of Fig. 165. 
Age-hardening in tiie presence of copper is quite considerable when 
the amount of magnesimn silicKle present* is 0*55 per cent 
(corresponding tp a silicon content of 0*2 in the alloy). The 
hardening effect, however, appears to reach a maximum when the 
total amount of nyigncsium silicide *18 about 0*9 per cent. (0*35 per 
cent silicon).^ The solubility at 500° C. of magnesium silicide in 
aluminiiyn containing 3 per cent of cc^pper is about 0*tf per cent, 
corresponding to a silicon content of about 0*35 per cent. «The 
addition of copper to aluminium therefore reduces the amount of 
MgjjSf which can be dissolved, and in consequence reduces the 
maximum hardening effect which it is possible to obtain. It was, 
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iinfortunatei/, iniposs^)le to obtain samples of aluminium containing 
less than 0*2 per cent silicon, so that the effects produced by very 
small quantities of Mg^Si could not be studied. 

Little advantage appears to b^ obtained in the presence of S per 
cent of copper by increasing the ‘content of MgaSi beyond about 
0*9 per cent. * * 

Experiments have been undertaken wi^th a view to determining 
the effect of re-hcating quenched and aged alloys to temperatures 
higher .than that of the atmosphere. The samples used for the 
previous experiments were re-heated for periods of one hour at 
60° C., 100° C., 150° C., 200° C., and 250° C. Hardness tests were 
carried out after each treatment, and the results are plotted in the 
curves shown in the upper portion of Fig. 165. It is seen that 
re-heating to any temperature up to 100° C. has but little effect on 
the alloys. At 150° C, alloys containing very low amounts of 
MgoSi become somewhat reduced in hardness ; the other variations 
in hardness observed within this range of treatment are within 
the errors of experiment. ^Heating at 200° C. results in a marked 
increase in the hardness of all the alloys except that containing 
the lowest amount of MgaSi. Ke-heating to 250° C. causes the 
hardness to fall again., The general character of these results is 
^some\fhat similar to those obtained with the pure ternary alloys 
of aluminium, magnesium, and silicon. 

Zinc. 

Similar experiments have been carried out on alloys contaiping 
15 per cent of zinc instead of S per cent of copper. The 
corresponding curves are shown in Fig. 166, and are very similar 
to those of the hopper alloys. • In this case, however, it is noticed 
that the improvements on tempering is very slighf, and takes place 
at a lowei, temperature, namely, 160° C. Re-heating to 200° C. 
causes a ver/ mAked fall in the hardness of the alloys, t 

I 

Nickel, 

« 

In, these experiments 3 per cent of nickel has been used. Nickel 
appears to have less effect on the solubility of Mg^Si in aluminium 
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than has oitlnir copper pr zinc. The curves for this series, Fig. 167, 
show a very close resemhlance to those found in the pure ternary 
alloys ; the ina.xinuim hardening effect is found with a magnesium 
silicide content of about 1*3 ppr cent, and on re-heating 'the 
hardened alloys at temper^ftures itp to 200° 0. the hardness is 
steadily increased. Ke-heating to 250° C. result*' in k very uiarked 
fall in the hardness. , 

In general it may be said that the addition to aluminium alloys 
containing small quantities of magnesium and silicon of other 
metals which are frequently found in commercial light alloys, results 
in a diminution of the solubility of the compound MgjSi, and to 
some extent modifies the hardening effect which can be obtained. 
At the same time the properties of these alloys can be improved iri 
a marked degree by controlling the composition and the heat 
treatment. For example, in the case of a 3 per cent copper alloy 
containing 1 per cent of magnesium silicide, the hardness after 
slow cooling is about 70, by quenching and ageing at room 
temperature this hardness can be increased to over 100, while 
further heat treatment at a temperature of 200° C. raises the 
hardness still further to about 130, or nearly double the hardness 
figure of the slowly cooled alloy. Similarly in the case of an alloy 
containing 3 per cent of nickel together with 1-3 per cent of 
magnesium silicide, the hardness can be increased from 35 in the 
slowly cooled specimen to 70 in the specimen quenched and aged 
at room temperature, 'and to nearly 100 by suitable further treatment 
at 200° C. 

In the case of the zinc alloys, the improvement obtained, while 
quite appreciable, t is distinctly *1088 than in either of the other 
series.* 


A/3Ei|[a OP Copper- Aluminium Alloys. ^ 

It hal recently been si^gested* ‘that the hardening of 
Duralumin ” and similar alloys is due to the retention in solution, 

* Merica, Waltenberg and Scott. American Inst. Mining and Metallurgy. 
Jdne 1919, page 913. 
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as a result of quenchinej,^ of the compound CuAl^, and that the partial 
re-preci])itation df this compound at room temperature is responsible 
for the hardening produced. 


Fig. Aluminium Scrip. 



Experiments have been un<}fertaken with the object of studying 
the hardening Sof copper aluminium alloys after quenching from 
a high, temperature. Ten alloys containing 0*5 to 5 per cent 
copper have been cast, forged, and annealfed at 500° C. After this 
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treatment one sample of caeli alloy was cofjjtid in the^urnaco, while 
another was (iuem*hed in water.^ The quenched* alloy was tested 
immediately after qaeuching, a.al again at successive intervals up 
to*fivc da^s. The hardness ot these alloys after different treatments 
is shown in h?g. 168. Jn the Ibwer part of the Figure the hardness 
of the* slowly* cooked alloys is compared with that of the quenched 
alloys both immediately^ after quenching and after five days ageing. 
An* ageing effect becomes apparent in all alloys containing from 
2*5 per cent to 5 per cent of copper, but the actual increase in 
hardness is only small. In no case was an increase of hardness 
greater than 10 in the Rrinell figure obtained. This effect is quite 
insufficient by itself to account for the hardening produced in 
“ Duralumin.” 

These alloys were re-heated to successively higher temperatures 
for a period of one hour and the results of this treatment are shown 
in the upper portion of Fig. 168. The effect of re-heating at 100° C. 
is slight ; there appears to be, in some oi the alloys, a definite 
softening as the result of this re-heatirg» treatment, and this softening 
effect continues until an annealing temperature of about 200° C. 
is reached, except in the case of alloys containing more than 3*6 
per cent copper, where a slight increase ip the hardness is noticed. 
Annealing for a longer period at 206° C. increases the harden! jg 
effect observed ; a higher temperature still, namely 240° C., causes 
a marked softening in those alloys containing more than 3 ’5 per 
cent copper. It would appear from these results that the maximum 
hardness is obtained with an alloy containing about 4-5 per cent 
of copper, which has been qugnched from 500° C. and subsequently 
re-heated for about three hours at 205° C. The amount of this 
hardening, however, is considerably leas than that found in alloys 
containing magnesium silicid* ; in some dkses Suitable treatment 
of alloys containing this latter compound has resultedpin a trebling 
of the Brinell hardness number. 

^ A diagram recently published irfAmcrica * indicates a maximum 

• I 

- ^ 

* Merica, Waltenberg and Freeman. Sci. Paper, No. 837. U.B. Bureau 
of Standards (1919). * 
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solubility of rfbout 4 per cent of CuAl^ at 500” C. and 1 per cent at 
room temperature. The determii^ations carried out in the course 
of the present research, on the contrary, show a solubility of nearly 
5 per cent at 500° C. and about 3^pcr cent at room tcihperatitre. 
The difference between these results probably arises from the fact 
that the methods used by the American inves^^igators we^'e not 
aclequate to secure complete equilibrium ,at the lower annealing 


Fig. 109. 




temperatures, since*^ enormous times are required to obtain equilibrium 
in these condition^ by annealing aloni. The method" adopted at the 
National Physical Laboratory cx)nsistB in heating the alloys to a 
temperature near jthe solidus for a prolonged period to obtain the 
maximum solution of the compound in the solid aluminium ; this 
is followed by extremely slow cooling to lower temperatures, from 
which tiie alloys are quenched. The present Authors consider that, 
provided the rate of cooling is extremelj^ slow, this ^lethpd wi}J 
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give juore reliable results than simple {^iiiiealing very low 
temperatures. It is of interest tp note that the curves shown on 
Fig. 168 (page 250), eonfirm the view that the solubility of CuAl^ in 
aluhiinium at room temperature is much greater than 1 per cent, 

Fig. m 



since no increase in hardness on ageing* is observed in alloys 
containing less than 2*5 per q^iit of copper. 


Heat-Treatment of AhUMiNufti Alloys Containing Copper, 
Nickel and Manganese together* with Magnesium 

SiLICIDE. • 

Exp*feriments have be^ undertaken with a view to determining 
the strengths of certain alloys in which the content of magnesium 
silicide was carefully regulated. Three series of alloys have been 
used for these experiments ; the first contained i per cent erf copper 
and 2 per cent of nickel, and was of the same type as the “ Y ” 
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alloy described clscwheiy'. in this Report. The second series contained 
4 per cent of copper, while the third contained 4 per cent of copper 
plus 0*5 per cent manganese. These last alloys approach closely 
to the composition of commercii^l Duralumin. Tl^e amounts'' of 
magnesium silicide added t6 these 'alloys are shown in Table 55. 
All the alloys were cast in metal moulds, annealed,^ forged, an& rolled 
into strip of an inch thick. Samples of each alloy were then 
submitted to the following treatments 

Sample A . — Annealed at 500° C., slowly cooled in furnace. 

Sample R.— Annealed at 500° C., quenclied in water. 

Sample C,— Annealed at 500° C., quenched in water, aged 4 days 
at room temperature. 

Sample Z).— Annealed at 500° C., quenched in water, aged 1 houi 
at 100° C. 

Sample Ah — Annealed at 5(K)° C., quenched in water, aged 1 hour 
at 150° C. 

Sample F~ Annealed at 500° C., quenched in water, aged 1 hour 
at 175° C. 

Sample 6?.— Annealed at 500° C., quenched in water, aged 1 hour 
at 200° C. 

TABLE 55. 

t ^ 


Mark. 

Copper. 

Niokol. 

Manganeso. 

Magnesium. 

Silicon. 


Per cent. 

Tor cent. 

Per cent. 

Per cent. 

Per cent. 

V 1402 

4 ' 

2 


,0-35 

0-2 

V 1403 

4 

2 


0-7 

0 4 

V lf04 

« 

4 

2 

» 

1-0 

0*6 


V 

♦ 

1 . 



V 1405 

i 

4 




i 0-35 

0*2 






fc - 

V 1406 ^ 

4 c 

u 1 

0*86 

0-6 

V 140^ 

i 

4 

1 

_ 

0-6 

0-86 

0-6 

V 1458 

i ^ 

- 

o 

0-86 

0*2 
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Results of ineclianical tests on these all^oys are shown in Figs. 
169, 170 and 171. Fii;. 169 (pa^ 252), which refers to the alloys 


containing 4 per cent of copper and 2 per cent of nickel, shows that 
wii^i a low content of Uiagnes? rp silieide (O' 55 per cent), the tensile 



strengtlf developed after hardening and ageing is*jiot* very high, and 
th*t further treatment at higher temperatures results in a reduction in 
the strength of* the alloy. An increase in the amount of m^nesium 
silieide to 1 *1 per cent gives after quenching and ageing a stronger 
alloy, which is capable 6f improvement by further re-heating ; a 
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further increase in the amount of magnesium silicide docs not 
appear to confer ^any improved properties. 

In the case of the alloy containing 4 per cent of copper (Fig. 170), 
the strength of the alloy aged at room temperature docs Lot 'appear 
to vary greatly with a higher mag-iesium silicide content ; the 
stability of the alloy at higher temperatures, howeve. , is decidedly 
improved by the addition of magnesium silicide. 

In the case of the alloy containing 4 per cent of copper -v^ith 
0’5 per cent of manganese (Fig. 171), the amount of the magnesium 
siliciSe appears to be of considerable importance. An improvement 
of three tons per square inch in the tensile strength is found in 
the alloy aged at room temperature, as a result of increasing the 
content of magnesium silicide from 0-55 i)er cent to 1 *35 per cent ; 
furthermore, the superior strength of the alloy containing the higher 
amount of Mg 2 Si is retained after re-heating to temperatures up 
to 200^ C. 

The elongation of , these alloys is indicated by the dotted lines ; 
it will be noticed that the increase of strength due to age-hardening 
is not accompanied by a reduction in the elongation ; re-heating 
the age-hardened alloys to higher temperatures does not lower the 
elongation appreciably until a temperature of 200° C. is reached, 
but after heating at this temperature the value is notably reduced 
in all the alloys used. 

The Keport is illiLstrated by Flates 1 to 24 and 92 Figs, in the 
letterpress. 
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Fig. 1)2. (p. l}5o.) Allov ’‘Ar JntcP- FiJj. OIF (p. 181.) Alloy 

/rystalline crack in over -annealed Annealed at 25(fC.t immune from 
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Fig. 153. Ma^'^esium .55^, Silictin 10%^^as Cdsf. 
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